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1. Introduction

The technology available for landfill remediation is changing. New remediation
methods are becoming available, and some are now being accepted by regulators. The
old notion of entombment and preservation of waste is giving way to new concepts for
managing wastes that may remove the threat to human health and the environment. Both
old and new technology should meet the critical goal of landfill remediation which isto
protect human health and the environment.

Leading new technologies include (1) the landfill as a bioreactor (Reinhart and
Townsend, 1998), and (2) the use of natural attenuation processes to enhance
effectiveness of remediation at reduced cost by naturally renewable and continuing
processes (ESTCP, 2002 and Downey and Hicks, 2003).

Although the regulatory community is actively investigating new technology, most
enforcement personnel still prefer the prescriptive remedies and preservation of waste
approach to landfill remediation. The currently accepted technology constrains the Air
Force to continue with the concept of containment of the waste. However, a new landfill
cover that satisfies the requirements of containment is rapidly gaining acceptance.

The new cover is called the evapotranspiration (ET) landfill cover. It isacomplete
cover, not a cover component. The ET landfill cover offers opportunities for improved
performance and lower construction and meintenance cost. In addition, the new cover
may be beneficial for use with bioreactor landfills because ET coverscan be designed to
pass a controlled amount of precipitationthrough the cover and into the waste.

Design, construction and use of ET landfill covers is dependent upon the following:

Definition of requirements for the cover

Decision that an ET cover meets site cover requirements

Selection of appropriate materials and ET cover construction methods that meet

Ste-specific requirements
The ET landfill cover design problem includes complex rel ationshi ps between climate,
soil, and vegetation and is best solved with the aid of a computer model. ET landfill
covers have different design requirements than do conventional covers; therefore, model

requirements for design and evaluation differ from conventional practice. This report
presents:

1. A discussion of cover requirements,
2. Design issues,
3. Currently available hydrologic models, and

4. Anassessment of the accuracy and usefulness of engineering models that may be
used to evaluate or design ET landfill covers.



2. Requirementsand Definitions for Landfill Covers

Section 2 is an overview of requirements and definitions for landfill covers and
includes proof of the concept. Additional detail is available in Boyer et al., (1999), Gill
et a., (1999), Hauser et a., (1999, 2001b, 2001c), Hauser and Gimon (2001), and Weand
et al., (1999).

2.1. Landfill remediation requirements

The application of containment—the presumptive remedy—often requires the design
and ingtallation of alandfill cover. Other common components, such as landfill gas
management, groundwater treatment or containment, and collection and disposal of
leachate, may also be required. Landfill covers may offer several environmental benefits,
but they are based on three primary goals:

1. Minimize infiltrationof precipitationinto the waste to control potential
leaching of contaminants from the waste.

2. |solate the wastes to prevent direct contact with potential receptors at the
surface and to control movement of waste by wind or water.

3. Control landfill gasesto minimize risks from toxic or explosive gases that
may be generated within the landfill.

Because Air Force landfills are generally more than 25 years old (Hauser et d.,
1999), they produce little gas, and many have produced minimal groundwater
contamination. As aresult, many Air Force landfills may not need gas or groundwater
control. In addition, because of their advanced age and limited cover, many of them are
aready functioning as bioreactor landfills. Therefore, the landfill cover required for a
Ste may have minimal requirements and may be the only remediation required.

2.2. Site-specific requirementsfor landfill covers

The site-specific requirements for landfill remediation should be devel oped before
beginning design or selection of cover type Site-specific requirements depend on
numerous site-specific factors, including landfill history; waste type, quantity, and age;
climate; geologic setting; local surface water and groundwater use; and regulatory
requirements.

After a performance requirement has been established A
for remediating a particular landfill, any remedial
alternative meeting that requirement can be selected and
applied. Site-specific requirements are discussed in more _
detail in Weand et al., (1999) and in Boyer et ., (1999). Cover Sail |j |

2.3. Conventional covers

The dominant feature of covers currently in use is one Clay Barrier

or more barrier layers that are intended to stop the natural g collection P2
downward movement of water through the profile of the Foundation
cover. Conventional and barrier-type covers (Figure 1) Waste
include severa layers, including grass for surface cover.  Frigure1 Conventional barrier-
These covers typicaly include one or more barrier layers  type cover

made of compacted clay, geomembranes, or geosynthetic clay. Barrier-type covers are




more completely described in Weand et a., (1999), Gill et al., (1999), Koerner and
Daniel (1997), and U.S. EPA (1991, 1993, and 1996). The Subtitle D cover is a
simplified barrier-type cover with a single barrier layer of compacted clay. It is less
expensive than other barrier-type covers and is used in dry climates (Ankeny et a., 1997,
and Warren et al., 1997).

Although barrier layers are sometimes referred to as impermeable, in practice thisis
sedldom true. Suter et a., (1993) reviewed failure mechanisms for compacted soil covers
in landfills; they concluded, "Natural physical and biological processes can be expected
to cause [clay] barriersto fail in the long term.” Melchior (1997) reported resuits of a
German study in a cool, wet climate; he found that clay barriers were already leaking 150
to 200 mm per year in the eighth year of operation. Geomembrane barriers are also prone
to leak. Board and Laine (1995) and Crozier and Walker (1995) traced most leaks in
geomembranes to holes left by construction. Melchior (1997) reported that three
composite covers containing more than one barrier, leaked, on average, between 1 and 4
mm per year with annual leakage as high as 5.2 mm per year. Albright and Benson
(2002) reported that conventional clay-barrier covers at two sites leaked 5.5 and 37
percent of the precipitation into the waste.

2.4. ET cover definition

Because of the water-holding properties of soils ET
and the fact that most precipitation returns to the ’
atmosphere via ET, it is possible to devise a landfill <
cover to meet remediation requirements, and yet
contain no barrier layer. The ET cover consists of a
Plants “pump”

layer of soil covered by native grasses; it contains no
barrier or “impermeable” layers. Figure 2 illustrates
the concept. The ET cover uses two natural processes
to control infiltration: (1) soil provides a water
reservoir, and (2) natura evaporation from the soil Figure2 The ET Cover
plus plant transpiration (ET) enpties the soil water reservoir (Hauser and Shaw, 1994a
and 1994b, and Hauser et al., 1994, 1995, 1996, and 2001b). The ET cover isan
inexpensive, practical, and easily maintained biological system that will remain effective
during extended periods of time—perhaps centuries—at low cost.

The ET cover contains selected soil and requires correct placement to maintain
desirable soil properties. Successful performance by the ET cover requires robust plant

growth and good soil properties. It should be designed for the site to ensure that it meets
the cover requirements.

water from soil




2.5. ET cover concept verification

The technology that forms the basis for
ET landfill covers was developed, tested, and
well understood years ago, and field data are
available from water balance measurements
in both natural and constructed sail layers  , -
similar to those required for ET covers. The Q syears
concept was corroborated in the field by both [ precisaion, mm
long- and Sho_rt'term measurements tlhat were Figure3 Field verification sitesfor ET
collected during the past century (Figure 3).  |andfill cover
The long-term measurements established the
water balance under grass during time periods from three decades to severa centuries in
length and included unusually wet periods, fires, and other natural disasters. These data
demonstrate that the ET cover can minimize movement of precipitation through soil
covers by using natural forces and the soil’s water holding capacity (Hauser et al.,
2001b).

2.6. Requirementsfor ET landfill covers

The ET cover has the following minimum criteria: (1) support arobust, healthy,
vegetative cover, (2) the soil should allow rapid and prolific root growth in al parts of the
soil cover, and (3) the soil should hold enough water to minimize water movement below
the cover during extreme or critical design periods. 1n keeping with the requirements for
al landfill remediation the ET cover must meet the requirements for a landfill cover.

The soil and plants employed on the cover are critical to success. A mixture of
grasses native to the area is preferred to provide effective water removal from the cover
in dl years in spite of temporary changes in local conditions. Native grasses have already
proven their ability to withstand local climate variations, insects, plant disease, periodic
fire, and other factors. A mixture of native grasses assures an active vegetative cover
during years when insects, plant disease, or other factors reduce the vigor of one or more
species (Hauser et d., 2001a & b).

The soil cover construction process is important because it has the power to assure
success or cause poor performance of the cover. The ET cover uses a different
mechanism to control water from that of conventional covers; therefore, the design and
construction methods also differ. The soil of the cover should provide adequate plant
nutrients, plant-available water holding capacity, aeration, soil strength and other factors
critical to rapid and robust plant growth, including the highly essential root system. Soil
strength is particularly important because it limits the rate of plant root growth.  Soil
strength may be optimized by control of soil density during and after cover soil
construction. These and other requirements are discussed insection 3.7, and by Hauser et
al., (2001b and 2001c) and Weand et a., (1999).



3. Design Issuesthat Define M odel Requirements

The ET cover cannot be tested at every landfill Site, so it is necessary to extrapolate
the results from sites of known performance to specific landfill sites The factors that
affect the hydrologic design of ET covers encompass severa scientific disciplines and
there are numerous interactions between factors. As a consequence, a comprehensive
computer model is needed to evaluate the ET cover for asite. The model should
effectively incorporate soil, plant, and climate variables, and include their interactions
and the resultant affect on hydrology and water balance. An important function of the
modd isto simulate the variability of performance in response to climate variability and
to evaluate cover response to extreme events. Because the expected life of the cover is
decades, possibly centuries, the model should be capable of estimating long-term
performance. In addition to a complete water balance, the model should be capable of
estimating long-term plant biomass production, need for fertilizer, wind and water
erosion, and possible loss of primary plant nutrients from the ecosystem.

Model needs are best met by an “engineering design model”. In additionto
requirements discussed here, an engineering model should require site parameters that
can be measured or are available in historical records. Because adequate site-specific
data are almost never available, the engineering design model should not require
calibration

The properties of the ET cover and its design are different from those of conventional
covers. Because model evaluation should include all of the important elements required
in design, this section provides a review of important elements of the ET cover that
influence its design and should be evaluated before selecting and using a particular
model. The reader may find additional important detail in Appendices C through F,
Boyer et al., (1999), Gill et ., (1999), Hauser et al., (1999, 2001b, 2001c), Hauser and
Gimon (2001), and Weand et al., (1999).

Because borrow soils will be mixed and modified during placement, the cover soil for
an ET landfill cover, as constructed, will be unique to the site. However, the soil
properties may be easily described. The design process requires an evaluation of whether
or not the proposed soil and plant system can achieve the goals for the cover. Numerous
factorsinteract to influence ET cover performance. A mathematical model is needed for
design that is capable of (1) evaluating the site water balance which is based on the
interaction of soil, plant, and climate factors and (2) estimating performance of an ET
landfill cover during extended future time periods.

Future predictions of ET cover performance require a sophisticated model. A suitable
model should include the following:

- Contain a stochastic climate generator capable of smulating daily precipitation and
other weather parameters that are similar in amount and statistical variability to
historical weather records for the site
Redligtically estimate daily plant and soil response to variable generated climate
Redlistically estimate daily water balance including deep percolation

These requirements are similar to those required for flood flow estimates before
designing a bridge or culvert on aroadway. In both cases, the future climate and
resulting water balance are unknown, but an estimate of the critical future event and its



probability of occurrence are needed to guide the design. These needs can be satisfied for
ET landfill cover design or evaluationby a suitable hydrologic computer model.

This section describes elements that an engineering design model should simulate
when designing an ET landfill cover.

3.1. Hydrologic water balance

A magjor requirement of alandfill cover isto control the amount of precipitation that
enters the waste. The amount of water that percolates through the cover and may enter
the waste is called deep percolation (PRK). Deep percolationis a part of a much bigger
hydrologic system and must be assessed in parallel with the other parts. Therefore, it is
necessary to estimate the entire hydrologic water balance for the cover in order to assess
its behavior.

Because the quantity of water on or near the earth is believed to be constant, the
hydrologic water balance for a landfill cover may be expressed by the statement:

“incoming water = outgoing water” or the following equation:
P+ =ET+Q+L+DSW + PRK Equation 1

Where:
P = Precipitation
| = Irrigation, if applied
ET = Evapotranspiration (the actual amount, not potential amount)
Q = Surface runoff
L = Latera flow
DSW = Change in soil water (SW) storage
PRK = Deep percolation (below cover or root zone)
An error in one parameter estimate produces an error in one or more of the others.

The site water balance for an ET landfill cover is
illustrated in Figure 4. The incoming water (P+l) Precipitation ﬂ
ET
| VII:F;,'; P"' ‘l'w;l

should equal the outgoing water (ET, Q, L, DSW, &irrigation

and PRK). Where all terms are measured, - e.g. RUNOFF
lysimeter measurements - the difference or lack of

balance is an expression of measurement error. Storage

Lateral flow (L) within the soil layer containing " soil 2.
plant roots is small for most landfill cover situations

Lateral
= movement

and is zero for lysimeters with sidewalls. During the Delep. Root depth
course of a hydrologic year, DSW is usually small in P¢"c% 2" <= Foundation
comparison to the other terms, but it may be large & @l«“

on a daily basis. A primary focus for the design is Q& o= Waste

deep percolation below the ET landfill cover as Figure4 water balancetermsfor an
represented by the rearranged equation. ET landfill cover

PRK =P+1 - ET-Q- L- DSW- error

error = lack of balance in the measured terms



PRK isthe primary design criterion for landfill covers that are expected to limit and
control the amount of precipitation thet enters the waste of the landfill. Asaresult, the
primary focus of model evaluation is the accuracy with which a model estimates PRK.
However, the model estimate of PRK is strongly affected by errors in measured input P
and |, and by errorsin estimating ET, Q, and DSW. ET isthe largest term of the outgoing
water balance for almost all sites. Q is often the second- largest term; it is substantial at
many, but not all, sites. Therefore, in addition to the accuracy of PRK estimates, it is also
important to assess the accuracy of the model estimates of both ET and Q because errors
in these estimates contribute directly to the error in PRK.

In a natural system, soil-water content changes in response to water removal by
plants, soil evaporation, and gravitational drainage. During and immediately after rainfall
or snowmelt, soil-water storage may change rapidly in response to the influx of water
from the rain or snowmelt and the removal of water due to drainage by gravitational
forces and plant use. While gravitational drainage can be a significant removal
mechanism, it is effective for a short time and is near zero most of the time. Soil
evaporation is important for one to afew days after precipitation; then it rapidly declines
to near-zero amounts. Plant use is the primary mechanism for change in soil-water
content and continues for long time periods or until the soil becomes dry.

Because soil-water content strongly affects daily values of ET, Q, and PRK, errorsin
estimates of change in total soil-water content will be included in errors of the ET, Q, and
PRK terms estimated by a model. An appropriate model should continuously estimate the
amount of soil-water in storage for all layers within the soil profile. The rate of plant
water use and soil evaporation from a particular layer may be large or small depending on
severa interacting factors. A significant error in the amount of soil-water stored in one
of the top soil layers may have no effect on the value of PRK if lower layers were dry on
that day. Errorsin estimates of soil-water storage in each individual layer may or may
not contribute to errors in PRK, depending on water content of each layer of the entire
soil profile and other factors.

The principles of water balance analysis are contained in numerous texts including
Chow et al., (1988), Lindey et a., (1958), and Jensen et al., (1990). Water balance
analysis for landfill coversis described in recent texts (Koerner and Daniel, 1997;
McBean et al., 1995; American Society of Civil Engineers, 1996; Weand et a., 1999; and
Gill et al., 1999).

3.2. Climate

Regional climate should be the first consideration when evaluating the suitability of
an aternative landfill cover for asite. If the regional climate appears to be compatible
with the requirements of the aternative cover, then site characteristics should be
examined to determine whether the site climate is also suitable. Site and regional climate
may differ substantially for sites near mountains, in valleys, in the rain shadow of coastal
mountains, or near the coast. The Air Force Center for Environmental Excellence
commissioned a generic assessment of the suitability of the ET landfill cover based on
regional climate for the continental United States (Hauser and Gimon, 2001).

An adequate measurement of the climate at a site requires the longest available record
and should contain a minimum of 20 years of data. The importance of long records can
be illustrated by the annua precipitationfrom Coshocton, OH: while the 35-year average



annual precipitationis 37 inches, one 5-year period averaged 88 percent of the overal
average (32.6 inches) and another averaged 115 percent (42.6 inches). Clearly, a short
record may not accurately describe the climate at a site and should not be used for design.

Site-specific climatic factors that are important to selection of landfill cover type and
to design of ET landfill covers include daily measurements of precipitation, maximum
and minimum temperature, relative humidity, total solar radiation, and wind run. If al of
the data are not available, one can make useful—but |ess accurate—estimates of cover
performance using only daily precipitation and maximum and minimum temperature
measurements. Appendix C contains additional detail about climate.

Any nodel used for ET cover design should, at a minimum, be able to utilize daily
precipitation and temperature data and preferably should be able to utilize the other
important climate factors as well in order to produce the most accurate estimates.

3.3. Evapotranspiration

ET isthe evaporation of water from the soil surface and by plant transpiration
(primarily through the stomata on the plant’s leaves). ET should be carefully considered
during all stages of design since it will be the largest mechanism of water removal in the
water balance for an ET cover. With current knowledge, it is necessary to estimate
potential evapotranspiration (PET) first and then using the PET estimate the actual
evapotranspiration (AET) for the site.

3.3.1. Potential evapotranspiration

PET is the maximum ET that can result from a set of climatic conditions. It is limited
by the amount of energy available to evaporate water. The equivalent term “reference
crop evaporation” is used by research workers who investigate the physics of
evapotranspiration. For purposes of plant growth and production, PET is defined as the
amount of water that would return to the atmosphere if abundant, freely transpiring plant
leaves are available and the water supply to the plants is abundant and unrestricted. The
magnitude of PET is useful for preliminary planning to identify the maximum possible
performance that might be expected from an
ET cover. 3 generally >25

Hauser and Gimon (2001) estimated the
ratio of PET to precipitation for the continental
United States; the results are summarized in
Figure 5. Hauser and Gimon (2001) arbitrarily
used a PET ratio of 1.2 or greater to indicate
likely success for the ET cover because actual
ET is likely to be less than PET. The ratio of
PET to precipitation is greater than one for s
almost all of the continental United States. The Figure5 PET/Precipitation ratio
ET cover is likely to be appropriate for sites
where the ratio is equal to or greater than 1.2; but it may also be appropriate and should
be evaluated for al sites where the ratio is greater than one.

3.3.2. Actual evapotranspiration

AET islessthan the PET amount except for relatively short time periods during and
after rainfall or snowmelt events. When modeling performance of an ET landfill cover,




the estimate of AET is very important. The accuracy with which a model estimates AET

is the biggest controlling factor for hydrologic modeling accuracy because (1) AET isthe
largest term on the right-hand side of equation 1, and (2) water removed from the soil by

AET affects or controls the size of the other terms on the right- hand side of equation 1.

Numerous factors control AET, and thus control the hydrologic performance of an ET
cover. Soil-water content, rate of root growth, and total root mass strongly affect the rate
of AET. AET isaso affected by whether wet soil is available in surface soil layers,
deeper in the profile, or in al layers. While root mass and root growth rate strongly
affect AET, they are in turn controlled by other factors. Sections 3.5, 3.6, and 3.7 briefly
discuss limitations on plant water use and provide references to additional information.

3.4. Surface runoff

Surface runoff (Q) isthe second largest part of the hydrologic water balance for ET
landfill covers at many sitesin humid regions. Even at dry sites where surface runoff is
small, errors in estimates of Q are important, and especially so if the model estimates
significant Q on days with no runoff. Estimates of Q are therefore, important to the
design process at all sites.

Water leaving the site as Q reduces the volume that must be stored within the cover.
Errorsin estimating daily Q will result in erroneous estimates of cover performance as
measured by deep percolation of water below the cover. If the estimated Q istoo low, the
estimated PRK will be too high and vice versa.

Surface runoff can begin only after (1) rainfall or snowmelt fill storage by plant
interception and surface ponding, and (2) the rainfall or snowmelt rate exceeds the soil
infiltration rate. Excellent sources for technical detailsinclude Chow et a., (1988),
Lindey et al., (1958) and ASCE Manual 28 (1996). Factors affecting Q are listed in
Table 1.

Table 1 Factors affecting amount and rate of surface runoff.

Sail Surface Other factors

Infiltration rate

Surface crust and tilth

Rainfall intensity

Water content

Plant type (sod or bunch grass)

Timing of high intensityrain

Particle size distribution

Cover density

Storm duration

Frozen soil

Plant growth rate

Interception by plants

Bulk density Stage of annual growth cycle Soil surface depressions
Clay mineralogy Biomass production Litter on the soil surface

Macro porosity

Roughness and ponding

Land slope

Any model chosen for usein ET cover design should make reasonably accurate
estimates of Q. There are several methods used to estimate Q. The ASCE Manual 28
(1996) discusses 18 engineering design models that compute Q; some of them use
infiltration equations to estimate Q. One of the models used the Richards equation to
estimate infiltration. One used the Smith & Parlange infiltration equation and two used
an “index”. Two models could use either the Soil Conservation Service (SCS) curve
number method or the Greenr Ampt infiltration equation. Nine of the models used the
SCS curve number method and six used the Greenr Ampt infiltration equation. The data




shown in ASCE Manual 28 (1996) indicated that the SCS curve number method and the
GreenrAmpt infiltration equation are, by far, the most popular methods for estimating
surface runoff in engineering design models. Additional detail regarding Q may be found
in Appendix D.

3.5. Soil-water storage and movement

ET landfill covers control the precipitation falling on the surface by providing
adequate water storage capacity in the soil to contain the infiltrating precipitation. Total
(potential) soil-water storage capacity is controlled by soil properties. The storage
capacity available at any instant in time is controlled primarily by the balance between
infiltration from precipitation and rate of water removal from the soil by ET. The
majority of ET isthe result of plant transpiration. ET covers perform best when the
primary limitation to plant growth is soil-water content, thus assuring rapid soil drying.

The physics of water movement within the soil isimportant to the design of an ET
cover. The modern understanding of water movement in unsaturated soils has been under
development for about 150 years, and the development of new concepts continues in the
modern era. Henri Darcy (1856) provided the earliest known quantitative description of
water flow in porous mediums. Darcy developed an equation for water flow in saturated
sand, and modern equations for both saturated and unsaturated flow are based on his
early work.

The currently used equations for water flow in unsaturated soil are based on the
assumption that soils are similar to a bundle of capillary tubes and that water flow can be
approximated by the Hagen Poiseuille equation (Marshall et a., 1996). Whileitis
obvious that the pore space in soil is not the same as a bundle of capillary tubes, the
concept has proven highly useful and is currently used in mathematical descriptions of
water flow in soil.

The Richards equation is widely used in research to estimate water flow in both
saturated and unsaturated soils. It is aso used in software proposed for use in evaluation
of ET landfill covers.

For a more compl ete discussion of the Richards equation see Appendix E.

Theoretical estimation of water flow in unsaturated soils is difficult and complex. The
derivation of the versions of the Richards equation commonly solved in modern models
required several assumptions. In addition, it is difficult to accurately estimate likely field
values for unsaturated soil hydraulic conductivity on the scale of a complete ET cover.
Nevertheless, the Richards equation provides useful estimates of flow of water within the
soil where adequate estimates of soil hydraulic conductivity are available.

Other models successfully employ a simple water routing system Each layer of soil
is assumed to hold all water entering the layer up to the field capacity. When the water
content of asoil layer exceeds the field capacity, water drains downward to the next layer
at the rate specified by the hydraulic conductivity of the saturated soil in the layer.

Additional details regarding soil- water storage and movement that should be
considered during design of an ET landfill cover are contained in Appendix E.

3.6. Deep percolation

Estimates of water movement through the cover (deep percolation or PRK) are of
particular concern for ET cover design and evaluation. The performance of ET covers
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should be estimated for large and critical climatic events expected during the life of the
cover. Therefore, a mgor concern for ET cover performance is the determination of the
greatest amount of water that the ET cover soil must store during a defined time period.
Critical events causing maximum soil-water storage may result from a single-day storm,
a multiple-day storm, or other events.

The following example illustrates the

concept. Model estimates are available for 200 f="Field Capacity —=—F 3 ¥
alandfill located on the western edge of the [ LRI,

( . [ . —) . 1 Available
Central Great Plains; the cover soil was 0.6 150 [ Soil Water x'{mStore}ge
m thick and composed of loam soil. Model  mm o ml T w4
estimates of soil water in storage for each 100 e Wilting Point iy
day of a 100-year simulation period along i
with estimates of daily values of PRK are 50 [ Precipitation S
available. The estimates reveded that no : L L1 g
water should be expected to move through Opar T gt T My gune

the cover. Figure 6 presents the estimates

of daily precipitation and daily soil-water Figure6 Thecritical event

content during the wettest year of the 100-

year model estimate, and it includes the greatest single-day storage of soil-water during
the 100-year period. In this example, the critical event was the result of several days with
precipitation followed by a large, single-day precipitation event. The cover described
could successfully control PRK.

Any model used for ET cover design should, at a bare minimum, demonstrate that the
design being modeled will adequately control the projected critica event for the site
being considered. Preferably, it should also estimate how much excess storage capacity
would be available during that critical event so that an appropriate safety factor can be
included in the final cover design.

Additional detail regarding factors that affect deep percolation may be found in
Appendix E and in Hauser et al., (2001b and 2001c).

3.7. Soil

Soil provides the medium in which plants grow; it stores precipitation within the ET
cover and provides nutrients for plant growth Total (potential) soil-water storage
capacity is controlled by soil properties. The storage capacity available at any instant in
time is controlled primarily by the balance between infiltration from precipitation and
rate of water removal from the soil by ET.

The cover design and construction should optimize soil conditions for water use by
plants. Thisisan important tool and can be used to ensure success of the ET cover.
Plant growth and water use are controlled by soil and air temperature, precipitation, solar
radiation, wind, humidity, disease, and insect attack. Neither design nor construction
practice can exert significant control over these factors; but they can be considered during
design to assure success.

Other important soil properties of the ET landfill cover may be controlled by
adequate design and good construction practice These properties include:

Density
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Aeration
pH
Nutrient status
After landfill cover completion, plant cover may be changed but soil modification

may be impractical. Therefore, good soil design and correct construction practices are of
utmost importance to the success of the ET cover.

The U.S. Department of Agriculture (USDA) soil classification system was
developed for use in describing soils in which plants grow (SSSA, 1996, Hillel, 1980 and
1998, Gee and Or, 2002). The USDA system is now universally accepted within the
United States and it should be used to describe soils used in ET landfill covers.

By its very nature, construction of an ET landfill cover modifies the soil used to
create the cover. Hence, the construction process offers the opportunity to either (1)
place the soil so that it will perform better than before it was moved or (2) damage the
soil and greatly reduce the opportunity for success in meeting the requirements for the
cover. It isimportant to understand soil properties that control success and how they may
be optimized during cover construction. An appropriate model can help the designer
understand how changes in the properties of soils available at the site in question will
affect the final design of an ET cover.

Agricultural interests have amended existing soil properties to improve productivity;
their experience demonstrates the power of knowledge of soil properties and the ability to
control them (Taylor, 1967; Unger, 1979; Chichester and Hauser, 1991; and Hauser and
Chichester, 1989). A primary benefit of these amendment efforts was improvement in
soil-water holding capacity and increased rate of water removal fromall soil layers by
plants. The benefits of soil modification remain effective for decades (Unger, 1993;
Musick et al., 1981; and Allen et al., 1995). There is opportunity for similar
improvement in soil during ET landfill cover design and construction. Control of ET
cover soil properties has potential to enhance cover performance and should add little to
construction cost.

The water holding properties of ET cover soils are important to success. Soils that
hold much water will achieve the desired water control with athinner layer of soil than
those with low water holding capacity. The water holding properties should be expressed
as volumetric water content in keeping with model requirements and to facilitate
understanding of design parameters. Important water holding properties include the
permanent wilting point, field capacity, and plant-available water content.

Additional details regarding soil properties that should be considered during design of
an ET landfill cover are discussed in Appendix E, Hauser et al., (2001b and 2001c¢),
SSSA (1996), Hillel (1980 and 1998) and Carter (1993).

3.8. Plants

Understanding important plant requirementsis critical for correct selection of
materials, design, construction maintenance, and performance of an ET landfill cover.
The success of an ET cover is ensured by optimizing al factors controlling plant growth
except for soil-water supply. The god is to make soil-water content a limiting factor to
plant growth severa times during each normal growing season.



This section summarizes important plant issues that directly affect the performance of
the ET cover and should be correctly modeled during cover design. Appendix E contains
adiscussion of plant and soil interaction limitations on plant growth and basic
information about plant growth that is important to design.

The vegetation growing on the cover should be a mixture of grasses that are native to
the site. Grass cover is preferred because it provides optimum erosion control and an
extensive fibrous root system. However, where woody plants are appropriate, the design
may be modified. Perennial species are preferred at most locations although annuals
should be used where they are the predominant native species.

A mixture of native species will provide protection during periods when natural
factors cause individual species to grow poorly. Because native species evolved at the
site, they are known to be hardy and persistent. By definition, native plants survived for
many centuries at the site under the existing climate. It is probable that they were
subjected to extended drought periods longer than current historical drought, periodic fire
and other adverse factors - yet they survived.

The plant cover should have potential rooting depth greater than the thickness of the
soil cover. Many native species have potential rooting depths of two meters or more
(Kiniry et a., 1995; Sharpley and Williams, 1990a).

Several plant parameters are important to the design of ET landfill covers. Among
the most important are parameters describing: rooting depth, leaf-area-index, temperature
requirements time to maturity, and water requirements. Modelsthat are suitable for use
indesign of ET coverswill utilize these parameters. The quality of the plant model
controls the quality of AET estimates. Appendix F containsalist of plant parameters that
are important to the design of ET landfill covers.

3.9. Safety factor

Aswith any engineering design, the ET cover should be designed with safety factors
because both design and construction introduce uncertainty regarding performance.
Some safety factor concerns are similar between ET covers and conventional covers.
However, control of water flow into the waste requires new safety factor considerations
for the ET cover, including the following:

- The size of the soil-water reservoir in the cover soil should be adequate to contain
extreme or design storm events

- The time required to empty the soil- water reservoir is critical to success
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3.9.1. Sail thickness basis

One basis for providing a safety factor is to arbitrarily increase the soil thickness
(e.g., build the soil 50 percent thicker than indicated as adequate by design). However,
this intuitive approach may not produce
the desired result.

Although the soil’ stotal water- holding
capacity is similar for al layers of a
uniform soil, the distribution of roots and
the rate and amount of water extraction
are not. Consider the typical ET cover
soil situation in which the soil has uniform
properties from top to bottom. The @%ﬂﬂ@
distribution of living plant roots in soil
controls the rate of drying of each soil
layer. Figure 7 illustrates a normal root
distribution patternand an ET cover soil profile. Addition of extra soil to the thickness of
the cover, where al soil is uniform, has the effect of adding soil to the bottom of the
cover because the plant roots grow from the surface downward. The last increment of
soil thickness results in relatively few roots growing in the newly added soil layer, which
is effectively on the bottom of the cover. Plants remove
water more slowly from deep soil layers than from
near-surface soil layers. As a result, during one
growing season, plant roots may not remove al plant-
available water from the lower layers of the cover if the
cover is thick.

As shown in Figure 8, an increase in soil thickness
from the design thickness (A) by 50 percent to (B) may
result in only a small increase in plant available water
holding capacity during a single growing season A B

3.9.2. Hydrologic basis Soil Thickness p

A better way to provide a safety factor is to utilize Figure8 Effective water storage
hydrologic factors that are known to affect soil-water CAPaCity - onegrowing season
use and storage. They may be used in combination with a model to evaluate options and
select a good course of action. The model should estimate soil-water content for each
soil layer on each day evaluated. It should also maintain a balance of available soil-water
storage space. Therefore, the model should indicate available storage for each day along
with ET, Q, and PRK. Possible ways to introduce an adequate safety factor include:

- Base the design on reduced plant available water holding capacity (e.g., 10%
reduction)

- Base the design on increased daily precipitation (e.g., 110 percent of normal
precipitation)
- Increase surface runoff by replacing the second layer of soil - eg., 6to 12 inches -

with clay soil, or use a clay soil for the top six inches of the cover; but maintain the
same soil thickness as required for a monolayer soil

Live Root Mass
0
Depth

AT

Figure7 Root distribution in the cover

Storage Capacity mmp
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- Design for either warm or cool-season plants, but establish both to provide
increased annual, total water use

These possibilities may be used singly or in combination.
Use of an appropriate model to simulate the effects of such design changes will enable
the designer to add a suitable safety factor into the final design.
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4. Hydrologic Models

ET landfill cover performance is governed by a complex set of interacting processes.
Mathematical models may describe individual processes, but because of interactions
among processes, these more limited mathematical trestments should be integrated into a
single working model. The development of a new computer model suitable for ET
landfill cover design would be expensive and require several years of development and
testing. An aternative isto evaluate currently available models to determine whether
they are suitable for design and analysis of an ET landfill cover.

Engineering design and cover evaluation are best served by a model that incorporates
all of the important elements of engineering design that are important to ET covers.
Some models are good research or scientific investigation tools, but are not sufficiently
complete to serve the practicing design engineer who must consider all aspects of landfill
remediation during cover design. In practice, the design engineer must balance the need
for high quality, input data against landfill remediation requirements and available funds.
The model should be sufficiently robust to provide reliable answers with less than
optimum completeness or accuracy in the input data. It should also be capabl e of
providing guidance to the design engineer regarding the consequences of incomplete
input data.

This report section describes currently available models and presents important
features of each that are pertinent to ET landfill cover design. These models have diverse
origins; however, each was intended for use in evaluating the hydrologic cycle and
included features that are pertinent to landfill covers. The model developer and/or other
reviewers have tested each of these models. The purpose of this evaluation is to
determine the level of accuracy and usefulness of a moddl as it might be applied to ET
landfill cover design and evaluation

4.1. Important model characteristics

If properly designed, the soil-water reservoir of an ET cover will be only partially
filled most of the time. The greatest amount of water that must be stored in the soil will
be defined by major or “critical events’ (see Section 3.6). The critical event may result
from a single storm event or a series of storms. The model used for design or evauation
of an ET landfill cover should be capable of evaluating the cumulative effect of each
day’ s water balance activity and thus identify critical events.

The design process requires estimates of the amount of water stored within the soil
mass for each day of the design period. The performance of a completed cover or design
may be assessed by estimating the daily, annual, or other sums of deep percolation, which
can be used to determine whether or not the cover will meet design requirements.

Some models require calibration to optimize input parameters; they are best used in a
research setting where it is possible to make measurements with which to calibrate the
mode for aparticular site. Appropriate measured hydrologic data are seldom available to
calibrate a model for a particular landfill site. Therefore, engineering models used for ET
cover design should not require calibration.
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The way in which models estimate potential and actual ET values, plant growth, root
growth and distribution and other parameters can have profound effects on the accuracy
of model estimates for ET landfill cover design. For example:

- There are several possible methods for estimating potential ET (PET), the largest
hydrologic term. Using the wrong method may introduce large errors in each part
of the water balance analysis.

- The density of soil may control the presence, absence, or density of roots found in a
particular soil layer (Eavis, 1972; Monteith and Banath, 1965; Taylor et a., 1966;
Jones, 1983; Timlin et al., 1998; Gameda et al., 1985; Grossman et al., 1992; and
Sharatt et al., 1998). The density of plant rootsin a soil layer determines how much
water plants can remove from the layer and itsrate of removal. Soil compaction, in
addition to inhibiting root growth, reduces soil-water holding capacity. A model
that does not consider the effect of soil density on water balance may produce
significant errors in water balance estimates.

4.2. Environmental policy integrated climate (EPIC) model

Development of the EPIC model and its predecessor, the Erosion Productivity Impact
Calculator, began in the early 1980s [Williams, J. R. (personal communication 1999),
Mitchell et al., (1998), Sharpley and Williams (1990), and Williams et al., (1990)]. The
first version of EPIC was intended to evauate the effects of wind and water erosion on
plant growth and food production. More recent versions also evaluate factors important
to other environmental issues. EPIC is a one-dimensional model; however, it can
estimate lateral flow in soil layers at depth. All versions of EPIC estimate surface runoff,
PET, actual ET, soil-water storage, and deep percolation below the root zone — these
complete the hydrologic water balance for an ET landfill cover.

More than 200 engineers and scientists participated in the development of EPIC and
more than 50 publications describe testing and use of the model (Sharpley and Williams,
1990a). EPIC isin use by the Natural Resource and Conservation Service; the
Agricultural Research Service of the USDA ; lowa State; Texas A& M; Washington State
the INRA of Toulouse, France; in Austraia; Syria; Jordan; Canada; Germany; Taiwan
and other countries and universitiesaround the world.

EPIC uses adaily time step to simulate climate, hydrology, soil temperature, nutrient
cycling, tillage, plant management, and growth. It canestimate soil erosion, pesticide
and nutrient movement by water or sediment, and field-scale costs and returns. The EPIC
model has been revised and improved severa times. From the beginning, the hydrologic
sub- model was an essential and central part of EPIC because (1) the soil-water available
for plant use is a limiting factor to plant growth, (2) surface runoff and soil erosion by
water are directly related, and (3) deep percolation removes nutrients and other chemicals
from the soil profile, which will affect plant growth.

EPIC is designed to ssmulate relevant biophysical processes simultaneously and
realistically, using readily available input data and accepted methods. It is capable of
simulating plant and soil response for hundreds of years, and it is applicable to awide
range of soils, climates, and plants. EPIC also simulates soil erosion and soil chemical
and physical property changes over centuries. The time limit for simulation of
hydrologic parameters is restricted only by the availability of quality climate input data.
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EPIC contains ten major sub-models or components: (1) climate, (2) hydrology, (3)
soil erosion by wind or water, (4) soil temperature, (5) tillage, (6) plant growth, (7) crop
and soil management, (8) nutrient cycling, (9) pesticide fate, and (10) economics. Output
from the soil erosion, pesticide fate, and economics sub-models may not be needed for
ET landfill cover evaluation and design; they can be disregarded without affecting other
components of the model estimate.

The EPIC model is a comprehensive model that has been extensively tested for water
balance estimates in dry and wet climates, including sites with significant accumulation
of snow in winter (Nicks et al., 1990; Cole and Lyles 1990; Sharpley et al., 1990; Smith
et a., 1990a; Smith et a., 1990b; Favis-Mortlock and Smith, 1990; Steiner et al., 1990;
Cooley et al., 1990; Kiniry et a., 1990; and Sharpley and Williams, 1990b).

An important issue is the reliability of the model over the entire United States. EPIC
was tested for accuracy in estimating ET and Q by many investigators on data gathered
from the United States and other countries. Numerous tests of the model are described by
Sharpley and Williams (1990a) and by others. Model tests by others are summarized
below; in each of these evaluations, EPIC
produced accurate estimates of ET and Q.

Estimates of water movement through the
cover (deep percolation) are of particular
concern for ET cover design and evaluation.
Meisinger et d., (1991) demonstrated that EPIC
estimated deep percolation with good accuracy
when compared with measurements from high
quality lysimeters at Coshocton  Ohio,
Figure9. Meisinger et a., (1991) state
regarding the accuracy of EPIC "The Figure9 Average, monthly percolation
regression comparison of observed monthly during three years (Meisinger et al., 1991).
percolation with predicted percolation for the
3-year period (36 data points) had an R? of 0.86, a slope of 0.86 (not statistically
different from 1.0), and an intercept of 0.1 inches (not statistically different from zero)."
Chung et al., (1999) evaluated the performance of the EPIC model for two watersheds in
southwestern lowa and found that it estimated seepage flow well. Chung et a., (2001)
evaluated EPIC against field measured drainage tile outflow in Minnesota and found that
the nodel predicted annual drainage losses of similar magnitude to those measured, and
replicated the effects of cropping systems on nitrogen fate in the environment.

In addition to a complete water balance, EPIC estimates plant biomass production,
fertilizer use, wind and water erosion, loss of nitrogen and phosphorus from the soil, and
the effect of nutrient loss from the soil on plant growth

100
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4.3. Hydrologic evaluation of landfill performance (HELP) model

The HELP model (Schroeder et al., 1994a and 1994b) is widely used and accepted for
design of conventional, barrier-type landfill covers. The U.S. Army Engineer Waterways
Experiment Stationin Vicksburg, MS developed the HELP model for the U.S. EPA.
Work began prior to 1982 as evidenced by the early publication of a draft report
documenting hydrologic simulation modeling (Schroeder and Gibson, 1982). Recent
versions of the HELP model are described in Schroeder et a., (1994a and 1994b).
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Numerous workers tested the HELP model, and it is in general use throughout the United
States by regulators, design engineers, and others for planning and evaluating barrier-type
landfill covers.

The HELP model is a quas-two-dimensional hydrologic model of water movement
over, into, through, and out of landfills. It places primary emphasis on the properties and
function of barrier and drainage layers located above and below the waste; such layers are
typicaly used in barrier-type landfill covers. HELP uses climate, soil, and design data to
estimate landfill hydrologic performance as expressed by surface storage, snowmelt,
runoff, infiltration, ET, vegetative growth, soil moisture storage, lateral subsurface
drainage, leachate recirculation, unsaturated vertical drainage, and leakage through soil,
geomembrane, or composite liners. It is capable of modeling landfill systems that
include various combinations of vegetation: cover soils, waste cells, lateral- drain layers,
low-permeability barrier soils, and synthetic geomembrane layers for up to 100 years.
The model was developed to estimate a water balance for landfills, cover systems, and
solid waste disposal and containment facilities, emphasizing water percolation through
the waste and performance of the landfill bottom liner. HEL P provides estimates of
surface runoff, ET, and drainage through the surface cover soil — these complete the
hydrologic water balance for an ET landfill cover.

The primary purpose of the HELP model isto provide water balance data with which
to compare design alternatives for conventional barrier-type covers installed on landfills
with bottom liners. It provides atool for both designers and permit-writers and is
applicable to open, partially closed, or fully closed sites.

HELP does not address the effects of soil density on plant growth and the water
balance. Although the HELP model was designed to evaluate barrier-type covers, it has
not met expectations for the evaluation of vegetative covers. Benson and Pliska (1996)
and Khire et al., (1997) evaluated the performance of the HELP model on two sites
(Atlanta, Georgia and East Wenatchee, Washington). During a 3-year period, the HELP
model predicted 4.4 times more PRK than was measured at Atlanta (a wet site) and half
the measured amount in Washington (adry site). At both sites, HEL P produced large
errorsin estimates of PRK.

4.4, Unsatur ated soil water and heat flow (UNSAT-H, version 3.0) model

Version 3.0 of UNSAT-H was devel oped under the sponsorship of the U. S.
Department of Energy from the UNSAT model (Gupta et al., 1978) beginning in 1979.
The early work was documented by publication of version 1.0 of UNSAT-H (Fayer et d.,
1986), and the most recent version (3.0) was described by Fayer (2000). The UNSAT-H
model has been tested for the arid parts of Washington State, afew other arid sites, and at
least one location with a wet climate (Fayer, 2000).

Fayer (2000) states that the UNSAT-H model was developed to “assess the water
dynamics of arid sites and, in particular, estimate recharge fluxes for scenarios pertinent
to waste disposal facilities.” It addresses soil-water infiltration, redistribution,
evaporation, plant transpiration, deep drainage, and soil heat flow as one-dimensional
processes. The UNSAT-H mode simulates water flow using the Richards equation,
water vapor diffusion using Fick’s law and sensible heat flow using the Fourier equation.

UNSAT-H setsinfiltration equal to the precipitation rate unless the surface soil
becomes saturated. It does not simulate the soil crust that develops on the soil surface
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however, the user may describe a constant soil crust as a thin surface soil layer. It “does
not simulate runoff explicitly” (Fayer, 2000); however, it assigns excess precipitation that
does not infiltrate into the soil as surface runoff.

UNSAT-H uses the Richards equation, Fick’ s law, and the Fourier equation to
estimate the flow of soil-water, vapor, and heat. This may be the strongest part of the
model because these are the most rigorous, currently known, theoretical methods for
estimating these parameters.

The UNSAT-H model estimates evaporation from the soil in two ways. Inthe
isothermal mode, the user must supply PET data for each day or daily climate data from
which the model calculates PET by the Penman method. In the thermal mode, the model
estimates evaporation from the difference in vapor density in the atmosphere and in the
surface soil layer.

UNSAT-H simulates plant transpiration with a PET concept. The model partitions
plant removal of soil-water between soil layers based on (1) distribution of plant roots
within the soil profile for “Cheatgrass’ (an invading and weedy grass species found in
dry regions of Washington State), or (2) the user may supply other functions. The user
must enter soil-water parameters that describe the limits for plant extraction of water
from each layer of soil. The model aso uses the same daily value pattern for the leaf-
area-index for each year.

The UNSAT-H model user must specify an averaging scheme for the internodal
hydraulic and vapor conductivity terms used in soil water calculations. The user must
also specify the model node spacing within the soil mass, which may require adjustment
by iterative solutions to arrive at a satisfactory numerical analysis. In order to find the
correct averaging scheme and node spacing, several “calibration” runs may be required to
find systems that will work. These decisions are most appropriately made by a person
with training in advanced soil physics and modeling.

UNSAT-H does not address the effects of soil density on plant growth and water
balance. Disadvantages caused by the computational methods used to estimate soil water
flow include: (1) the model requires the user to choose from several sub-models to solve
the Richards equation; this choice should be made by a person with training in advanced
soil physics, and (2) the model requires the input of severa soil parameters which are
difficult to estimate for the completed cover soil.

4.5.HYDRUS

The HY DRUS computer model was developed by the Agricultural Research Service
of the U. S. Department of Agriculture to estimate water flow in unsaturated soils that
support plant growth (Vogel et d., 1996). It was developed as a one-dimensional mode,
and thenmodified to allow solution of two-dimensional problems (IGWMC fact sheet).
HYDRUS employs the Richards equation to solve water flow in unsaturated soil;
however, it uses different solution methods from those used in UNSAT-H. It aso
requires extensive datainput. The available windows version simplifies data entry and
model operation.

4.6. Model comparisons

Table 2 compares characteristics of these four models. UNSAT-H and HYDRUS are
the most widely known Richards equation models that use modern soil physics principles
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to estimate water movement within the soil profile. HELP and EPIC are widely known

engineering models.

Table2 Comparison of model characteristics.

Characteristic EPIC HELP | UNSAT-H | HYDRUS
\?;lol(jg;stic climate generator (daily ! Yy N N
Daily water balance estimates
Potential ET, (no. of options) | Y (4) Y (1) Y (1) Y
Actual ET Y LAI? Y Y
Surface runoff, (no. of methods) | Y (2) Y (1) D3 D3
Deep percolation Y Y Y Y
Daily soil water balance Y Y Y Y
Snowmelt Y Y N N
Soil erosion by wind or water
Y (no. of methods) Y@ N N N
Vs\gt I;Itznsz ty effect on root growth and v N N N
Soil water flow Routing’ | Routing’ | Richards® | Richards®
Uses potential plant rooting depth Y Y Y Y
Model estimates actual root growth Y N N N
Long-term estimates of plant nutrient
availability and effect on water use by Y N N N
plants
Mixed plant community Y uI® N N
Model calibration required? N N Y’ Y’

Y =Yes,N=No

Water storage routing
Richards equation, vapor flow etc.

NogohkwNE

4.6.1. HYDRUS and UNSAT-H

Based on leaf-area- index and “ evaporative depth”
D = Difference between precipitation and infiltration rate (not directly estimated)

Requires independent user estimates for input data
Requires repeated runs to establishsite-specific time step and grid mesh size
which allow model convergence to a solution

Examination of Table 2 and the comments above clearly demonstrate that both
HYDRUS and UNSAT-H are likely to produce very good estimates of water movement
within the soil profile. However, they do not estimate snowmelt, model mixed plant
communities, directly estimate surface runoff, or consider the effect of soil density on

root growth and water use.

Both of them require at least limited model calibration. They do not stochastically
estimate daily climate data for model evaluations or long-term changes in plant nutrient
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status and the resulting changes in plant growth and water balance. HY DRUS and
UNSAT-H would be very useful and accurate if used in research; however, they are
difficult to use in engineering design of ET landfill covers and provide incomplete
estimates of performance.

4.6.2. HELP and EPIC

Both HELP and EPIC satisfy the basic requirements for engineering design models,
Table 2 and Sections 4.2 and 4.3. Limitations to HELP include difficulty in modeling
mixed plant communities, and using the leaf-area-index (LAI) asthe primary plant input
to actual ET estimates. Both models are limited by their use of water storage routing to
estimate water movement within the soil-water profile rather than modern soil physics
principles. However, it is good to note that the water routing algorithms are based on
modern concepts of soil physics.

Both HEL P and EPIC are complete engineering design models and the user can
obtain the data required to run either of them. The funds available were insufficient for
evaluating more than two models on two data sets. Because our goal was to evaluate
models that will be useful in ET landfill cover design and evaluation, we evaluated HEL P
and EPIC.



5. Methodology and Measured Water Balance Data

The purpose of this model evaluation effort is to determine if an existing model is
adequate for design or evaluationof ET landfill covers and to identify its strengths and
weaknesses. This purpose is different from one of model validation. Model validation
includes detailed proof of mathematical functions, computer code representation of the
real world, and similar issues.

We evaluated models which have previously been validated and tested, because the
development of a new model suitable for the design task would be expensive and time
consuming. Thisevaluation includes the following areas of concern for each model
chosen:

Accuracy of model estimates of evapotranspiration, surface runoff, and deep
percolation

Plant parameter inputs, their use within the model, and appropriateness for the
design problem

Soil parameter inputs, their use within the model and appropriateness of estimates
that affect plant growth, and water use and storage

Climate parameter inputs or generation

Completeness of the hydrologic system evaluation

Model output and satisfaction of design needs

Level of support required from other models or other sources

Model characteristics that may affect accuracy and completeness of ET cover
design and/or evaluation

5.1. Selection of measured data for model evaluation

The accuracy and precision of the measured data are of paramount importance in
model evaluation. Data sets from formal research projects in which measurements were
recorded at hourly and/or daily intervals and also were monitored daily by investigators
are most likely to meet this requirement.

Many variables should be measured to evaluate hydrologic response of a system, but
inclusion of all variables greatly increases cost of the research. High quality research
data are usually of short duration because of the cost for high quality long-term data sets.
Therefore, one must seek data with good accuracy and precisionand accept the longest
available record.

In order to use existing data sets, one must often use data sets collected for a purpose
other than model testing. In that case, the data should be assessed to determineif it is
consistent with requirements stated in Sections 2, 3, and 4, and will meet the needs for
model evaluation.

5.1.1. Requirementsand sour cesfor hydrologic data

The measured data used to evaluate models should come from a source that simulates
the ET landfill cover as closely as possible. As explained in Sections 2, 3, and 4 above,
the soil in an ET cover isamodified soil mixture and should be optimized for plant
productionduring placement. Asaresult of mixing during construction, the soil inan ET
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cover may be more homogenous than native soils and thus be more ssimply described in a
model than an undisturbed, natural soil profile.

The soils a many research sites and/or contained in lysimeters may be undisturbed
and complex; they should be accurately described in order to assess model performance.
Complexity of the soil is beneficial when it allows tests of important model functions that
are required for ET cover design. The inclusion of bedrock or parent materials for the
soil mantle within the experimental test soil may significantly increase the difficulty of
model testing if the properties of these materials are incompletely described.

A valid premise of ET cover design is that waste will not impact the function of the
cover because of the inherent need for good plant growth and limited interaction with
materials under an ET cover. Therefore, any data that simulate an ET landfill cover may
be suitable for model evaluation.

The test facility should account for all elements of the hydrologic water balance
including precipitation, ET, runoff, soil-water storage, and deep percolation below the
bottom of the soil profile. The data should be examined to determine the extent of error
or bias resulting from insect attack, plant disease, hail, or high-density soil layers.

5.1.2. Weighing and recording lysimeters

Lysmeters are intended to accurately
measure al water balance terms. The function of

a weighing and recording research lysimeter is
illustrated in Figure 10. Weighing and recording
lysimeters are capable of measuring ET directly,
in addition to precipitation, surface runoff, and

- \;'__.
;\‘.

f
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) )

{ \
deep percolation. Non-weighing lysimeters do \)\\L \ Storage}|_ ‘.\ \’\-
not directly measure ET athough they do provide ‘. / \) ) 2\
an opportunity to measure other parts of the // | / /,‘/

/

hydrologic water balance and often have
associated instrumentation that allows an

Counterbalanced
Scale

estimate of ET for the site. Daily change of soil-
water storage may be estimated from weighing
and recording lysimeter measurements but it is
often supplemented by direct measurements of
soil-water content. Lysimeters are normally exposed to the prevailing climate at the site.

Local advected energy may strongly affect the actual ET from a site rear the edge
between differing plant types or land uses; this phenomenon is called the “edge effect”.
In order to assure representative estimates of ET with no “edge effect”, the lysimeter
should be surrounded on all sides by a large area of plants similar to those in the
lysimeter and having similar water supply.

5.2. Measured data sets used

High quality data were available from the Agricultural Research Service of the United
States Department of Agriculture.

The data from the Coshocton, Ohio location were measured for the purpose of
defining the hydrology of rural land in eastern Ohio. The data set that we used came

Deep Percolation
Figure10 Weighing and recording
lysimeter
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from alysimeter that was maintained to represent the same hydrologic condition during
each year of the 17-year period.

The data from the Bushland, Texas |ocation were collected to measure plant water use
under irrigation on the Texas High Plains. The lysimeters use modern technology and
they produce data of good accuracy and precision. However, the Bushland records were
shorter than for the Coshocton data.

5.2.1. Bushland data set

Mitretek obtained measurements from two lysimeters located at the Conservation and
Production Research Laboratory, USDA, Agricultural Research Service, Bushland,
Texas. The lysimeters are located on the Texas High Plains, in a semiarid climate at the
laboratory, 15 miles west of Amarillo, Texas at about 35.2° N latitude, and 102° W
longitude. The elevation of the siteis 1,170 m (3,840 feet) above sea level. The siteis
windy has low relative humidity and very high potential ET during summer. The
Bushland site represents a dry to semi-arid condition where snow isasmall part of the
water balance, but winters are cold enough to kill or create dormancy for most plants
during severa months.

The measurements were for irrigated corn grown in one lysimeter during 1989 and
1990, and for irrigated alfalfa grown in another lysimeter during 1996 and 1997. Howsell
et a., (1989) described a corn experiment conducted at the site during 1987, and provided
details regarding lysimeter operation and crop management. Lysimeter operations were
similar for alfalfato those described for corn, except that the alfalfais a perennia crop
and was not replanted during the test period.

The data were derived from measurements made with two large, weighing,
monolithic lysimeters (Marek et al., 1988); they contain anundisturbed column of
Pullman clay loam soil. Each lysimeter has a surface area of 9 nf and a soil depth of
2.3 m. They were installed in a 20-hafield with similar crops and irrigation treatment
surrounding the lysimeter. The surrounding area with similar irrigated crops extended
beyond the 20-ha fidd far enough to assure that there were no edge effects in the water
balance terms measured by the lysimeters. The land at the site and over the adjacent
fields has a surface dope less than one percent. The lysimeters were constructed with
zero surface slopes and are capable of holding up to 76 mm (3 inches) of water on the
surface; they allow no surface runoff. Additional detail about the lysimeters is contained
in Marek et al., (1988).

Precipitation, irrigation and ET were estimated from recorded lysimeter
measurements. Precipitationand other climate measurements were available from a
weather station operated at the site and also from station headquarters. Drainage
outflows were small or zero, and were measured volumetrically. Soil-water content
change was estimated from lysimeter measurements and from independent neutron meter
measurements in the lysimeter soil. Research personnel worked at the site on five or
more days of each week to assure high quality data. Personnel who collected and
supplied the data are shown in the acknowledgements section of this report.

The soil at the site and in the lysimeter is the highly productive Pullman clay loam
found on several million acres of the Southern High Plains of Texas, New Mexico, and
Oklahoma (Unger and Pringle, 1981). It is productive under both dryland and irrigated
crop production, and when used for grazing land.
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An important feature of the Pullman soil is the high density layer from 0.45to 1.8 m
depth (Appendix G); the soil density is equal to or greater than 1.6. Tolk et al., (1997)
reported data supporting the conclusion that the high density of the Pullman soil
restricted root growth and thus water extraction. Tolk et al., (1998) reported that “Low
grain yields from corn in the Pullman soil were due to limited water extraction from the
lower soil profile.”

Both sets of data from Bushland resulted from heavy irrigation in a semiarid climate.
Because of the heavy irrigation there was opportunity for large amounts of PRK;;
however, only small amounts of PRK were measured. Appendix G contains a summary
of available, measured input data, site descriptive information, monthly average climate
data, and other statistics. Due to the length of the complete daily climate file, Appendix
G providesonly the first few lines as an example.

5.2.2. Coshocton data set

Mitretek obtained measurements from lysimeter Y 101d located at the North
Appalachian Experimental Watershed (NAEW), USDA, Agricultural Research Service,
Coshocton, Ohio. The lysimeter islocated in east central Ohio about 65 miles northeast
of Columbus. The lysimeter and laboratory are about 10 miles northeast of Coshoctonat
40.4° N latitude and 81.48° W longitude. The elevation of the lysimeter surface is about
361 m (1185 feet) above sea level.

The Coshocton site is cold and wet; snow produces a substantial part of the annual
precipitation. The soil remains frozen ard snow covered for severa weeks during winter.
The vegetation is similar to plant cover that might be established on an ET landfill cover
in that region.

The measurements were made with a weighing and recording monolithic lysimeter
(Figure 11) described by Harrold and Dreibelbis (1958), Harrold and Dreibelbis (1967),
and by Malone et al., (1999). The dimensions of the soil block contained in the lysimeter
iS4.267 m (14 feet) long, 1.896 m (6.22 feet) wide and 2.438 m (8 feet) deep, with the
long dimension up and down hill. The surface areais 8.09 nf (0.002 acres).

The lysimeter soil block is an undisturbed natural soil profile from the site and
includes bedrock in the bottom layers. The lysimeters were built deep enough to include
bedrock so that drainage from the bottom would be natural. Thus, the lysimeters
duplicated drainage conditions of the undisturbed, surrounding watershed.

The land dlope around the lysimeter and on its surface is about 23 percent. Lysimeter
Y 101d is surrounded by similar vegetation for a distance greater than 305 m in all
directions on government-owned land. The lysimeter and surrounding watershed were
managed in “improved pasture or meadow.” During the two periods for which
measurements were evaluated, the plant cover was a 25/75 mix of alfafaand
orchardgrass or a 50/50 mixture of orchardgrass and bromegrass.

Precipitation and ET were estimated from recorded lysimeter measurements.
Drainage from the bottom of the soil profile and surface runoff were independently and
continuously measured volumetrically. Precipitationand other weather measurements
were available from a weather station operated at the site and from station headquarters
Drainage outflow was substantial at this site. Soil-water content change was estimated
from lysimeter measurements and from periodic and independent neutron meter
measurements in the lysimeter soil. Measurements of hydrologic variables were
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automatically recorded; however, research personnel worked at the site on five or more
days of each week to assure high quality data. Some of the personnel responsible for the
experiment and those who supplied the data are shown in the acknowledgements section
of this report.

COSHOCTON WEIGHING LYSIMETER

Figure 11 Weighing and recording lysimeter, Coshocton, Ohio, showing the undisturbed soil profile.
Drawing courtesy Dr. James Bonta, North Appalachian Experimental Water shed, Agricultural
Resear ch Service, U.S. Dept. of Agriculture.

Complete measurements at lysimeter Y 101d began on June 3, 1943 (Harrold et al.,
1958). Mitretek obtained and used measured data for lysimeter Y 101d including a total
of 17 years of measurement during the years 1970-79 and 1987-93. This report describes
the daily data used in model evaluation and statistics estimated for use by the models.
Appendix H contains a summary of available, measured input data, and site descriptive
information

5.2.2.1. Soil and cultural measurements

The soils of the site were surveyed by Kelly et a., (1975); their survey focused on
plant production factors. Harold and Dreibelbis, (1958), and Harrold and Dreibelbis,
(1967), published hydrologic evaluation of the soils at the site. The soil description
varied dightly between authors due to the focus of each study, natural variability at the
site, and interpretation by individual observers. Appendix H contains the soil
descriptiors.
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The plant cover and management varied between the two data sets; however in both
cases, the plants and management were similar to the properties of those on an ET cowver
intheregion. The investigators applied agricultural lime to the lysimeter to correct soil
pH; thisis not unusual for soils of the eastern United States. Due to removal of biomass
during harvesting operations, l0ss by deep percolation, and other natural events, fertilizer
was required to maintain a healthy and robust grass cover. Fertilization and lime
applications varied in response to conditions at the site.

5.2.2.2. Climate data

NAEW recorded complete weather data at the site and at station headquarters located
about 400 m (Y2 mile) from the site. NAEW recorded precipitation data for the site in
two data sets The climatic data set contains precipitation data derived from a standard,
class-A rain gauge at station headquarters. The Lysim101 data set cortained daily
precipitation measured by (1) aclass-A rain gauge located near the lysimeter and (2)
estimates of daily precipitation from the weighing and recording lysimeter records.

Daily climate input data were from the NAEW, station headquarters, Coshocton,
Ohio, except as noted below. The data were recorded in English units and converted to
metric units by Mitretek. Because the lysimeter measurements of precipitation were
believed to be more accurate than the class-A gauge data, Mitretek used the daily,
lysimeter measurements of precipitation for model evaluation (Appendix H). Appendix |
contains a description of the data and steps taken to produce a useable set of data.

5.3. Lysimeter measurement errors

All field measurements proposed for use in model evaluation should first be evaluated
for their accuracy because errors in the data limit the accuracy of the evaluation. The
recorded data may contain random errors or cumulative, systematic errors; the type of
error may be unknown.

The lysimeters at Coshocton and Bushland along with their associated infrastructure
are among the best such facilities in the world. The accuracy of the data used in these
evaluations may be assessed in at least two ways:

1. The precision of the lysimeters was previously estimated.

2. Because the data contain measurements of all parts of the hydrologic cycle, the mass
balance, derived fromthe measured data, estimates error.

5.3.1. Lysimeter precision

Lysimeter Y 101d at Coshocton, Ohio, was among the first modern field lysimeters to
be built; it is ill in operation. It is supported on a counterbalanced scale, and the overall
accuracy of lysimeter Y101d isgood. Harrold et al., (1958) reported that the precision of
lysimeter Y 101d was 0.25 mm of water equivalent (0.01 inch), by weight calibration.
Malone et d., (2000) reported that the uncertainty of ET measurement was 0.36 mm/day
(0.014 inch/day) before 1998 (the time period covered by these measurements). The
precision of daily estimates of ET by the lysimeter is equal to or better than the accuracy
of daily measurements of precipitation from good weather stations, and adequate to
measure daily ET, or precipitation

Both lysimeters employed at Bushland, Texas, employ modern technology, thus they
have good precision. Each lysimeter was supported on a counterbalanced scale. The
precision of the measurement system is 0.045mm, equivalent water, which is adequate
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for hourly estimates of ET (Marek et d., 1988). The precision of these lysimetersis
better than that of daily precipitation measurements at good weather stations.

5.3.2. Water balanceerrors

The weighing and recording lysimeters along with the associated instruments at both the
Coshocton and the Bushland sites, provide measurements of each part of the hydrologic
water balance, except for lateral flow. The lysimeter walls prevent latera flow. Based
on the principle of mass conservation, the water balance for alysimeter may be derived
from equation 2, Section 4, and expressed as:

Input to lysimeter = Output from lysimeter.

This relationship may be written as:
error =(P+1)- (ET +Q+ PRK + DSW) Equation 2

Where:
P = Precipitation
| = Irrigation
ET = Evapotranspiration
Q = Surface runoff
PRK = Deep percolation below root zone or soil profile
DSW = Change in soil water content (SW at end of time period — SW at beginning)

Daily measurements of each term of the water balance equation, except for the error
term, are available for each lysimeter. We calculated daily values of the error term and
compiled monthly and annual summaries of the data. The size of the “error” term
derived from the measured data provides an estimate of the error in the field
measurements.

Because each lysimeter is automatically weighed and the data recorded at frequent
intervals throughout the day, it is possible to use lysimeter measurements to estimate
precipitation. Severa authors describe errors associated with precipitation measurement
at differing heights above the soil surface (Alliset al., 1963; Brakensiek et al., 1979;
Chow, 1964; McGuinness, 1966; Neff, 1977; and Schwab et al., 1966). Their work leads
to the conclusion that precipitation measurement by a precision lysimeter is more
accurate than that from a standard rain gauge.

The lysimeter at Coshocton caught about 10 percent more precipitation than a nearby
class-A rain gauge (Table 3). The difference was less at Bushland. Snow provides a
large fraction of annual precipitation at Coshocton, but arelatively small part at
Bushland. The lysimeters should more accurately measure snowfall than the nearby,
class-A rain gauge. Snow measurements probably account for much of the differencein
measured amount of precipitation at Coshocton.

We evaluated the water balance for both rain gauge- and lysimeter- measured
precipitation. Table 3 contains the results of the water balance for each set of field
measured data.

The data in Table 3 suggest that the overall measurement error of the lysimeter
systems isin the range of +/- 15 percent. The range of error for measurements using
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lysimeter estimated precipitation isonly -3.5 to +0.8 percent. However, where class-A
rain gauge data are used in the balance the error ranges from -15 to +11 percent, Table 3.
The difference between water balance for rain gauge data and lysimeter data is smaller
for Bushland than for Coshocton. However, precipitation measured by the lysimeter
produced smaller errors in the water balance than the rain gauge measurements at
Bushland.

It is unknown if the errors expressed by the data in Table 3 result from additive
errors, random errors, or from other causes. The datain Table 3 emphasize the value of
measurements of all parts of the hydrologic cycle so that an assessment of data accuracy
may be made before testing models against the data. The daily error of the lysimeter
measurements is equal to or less than the precision of asingle class-A rain gauge reading
for lysimeter measured precipitation at Coshocton and for al data sets at Bushland.
However, the daily error for Coshocton lysimeter data using the class-A rain gauge data
are both larger than the single class-A rain gauge reading.

Precipitation measurements by a standard class-A rain gauge are generally considered
the best available for design use. Because all measurements of precipitation contain
error, it iswell to examine the potentia error of class-A rain gauge measurements. The
class-A gauge collects rainfall in atube with a much smaller diameter than that of the
catchment funnel. The “standard measuring stick” is calibrated to directly measure
rainfall in inches or mm. The measuring stick is inserted into the tube and the rainfall
total is read from the wetted portion. The stick is calibrated to read to the nearest 0.01
inch or equivalent reading. Because the water quickly climbsup by capillary action on
the stick, it is difficult or impossible to estimate the reading closer than 0.01 inch or 0.25
mm.

As stated above, class-A rain gauge data are normally the best data available for
design. It is advisable, however, to understand the potential error which could carry
forward into a design with any model. For purposes of model evauation, we used the
best available precipitation measurements (lysimeter measurements) to test model
accuracy.



Table 3 Water balanceerrorsfor measurements by the lysimeters. Water balance error

isdefined asinput — output.

L ocation Total® | Total" Total Error- | Annual | Daily
Input | Output Error Error
mm? mm mm?® %4 mm | mm
Coshocton, Meadow
70-79, mess. by rain gauge® | go49| 11456 -1507 | -15.1 -151 | -0.41
70-79 meas. by lysmeter’ | 11067| 11456| 389 | -35 -39 | -0.11
Coshocton, Meadow
87-93, mess. by raingauge |  6487| 7226| 739 11.4 106 | 0.29
87-93, meas. by lysimeter | 7170| 7226 56 0.8 8 | 0.02
Bushland, Alfalfa (2 years)
mess. by raingauge |  2875| 3013| -138 -4.8 -69 | -0.19
meas. by lysimeter | 2953 | 3013 -60 -2.0 -30 | -0.08
Bushland, Corn (2 seasons®)
meas. by rain gauge | 1568 1662 -94 -6.0 -47 | -0.19
meas. by lysimeter | 1664 | 1662 2 0.1 1 | 001
Precisonof asingleclassA | .|  oo| oo | el | 0.25

rain gauge reading

1. Total for the period of record shown

2. Precipitation + irrigation, if applied
3. Totd error for the period of record shown

Error = input - output = P+ | — (ET +PRK + Q + DSW)
4. Error asapercentage of (precipitation + irrigation)

o

Precipitation measured by rain gauge or lysimeter

6. Water balance error for May 1 to December 31, in each of two seasons.

-31-




5.4. Hydrologic model evaluation

Scientific models are sometimes “calibrated” by half of the available data and verified
against the other half of the data. While there are sound reasons for performing
“calibration” in aresearch effort, that approach is not possible in the normal use of a
model to design or evaluate an ET cover. A design engineer will have no data with
which to “calibrate” a model.

We evaluated the usefulness of the HELP and EPIC models for engineering design of
landfill covers as described in Section 4.6.2. Both models are described in Sections 4.2
and 4.3. We used these models as published and entered the measured and available data
for each site. We did not change the parameters used within the models. We evaluated
output for the purpose of verifying correct use of available, site-specific data within each
model, and to assure that we correctly described the plants, soil, and climate at each site.

The measurements used for evaluation were for meadow grown in lysimeter Y 101d
during the periods 1970-79 and 1987-93 at Coshocton, Ohio; and for two years of data
from each of two lysimeters planted in corn and afalfa under irrigation at Bushland,
Texas.

Section 3 and Appendices C through F contain discussion and detail regarding the use
of and requirements for model input and output data. The models themselves are
described in Section 4. Section 5.2 describes the input data used for each site.
Appendices G, H, and | contain additional detail about the evaluation data and process.
This section describes model-specific issues important to each evaluation.

We utilized lysimeter and climate measurements for each day of each calendar year
during the 17 years at Coshocton, Ohio, and for the “alfalfa’ data set at Bushland, Texas.
The “corn” data set from Bushland only included data from the time of planting through
the end of each year. Table 4 describes the data sets used for the model evaluations.

Table 4 Description of data sets.

Lysimeter Years Notes
Coshocton, Y101d, meadow | 1970- 1979 | 10 years, complete except for solar
radiation
Coshocton, Y 101d, meadow | 1987 —1993 | 7 years, complete record
Bushland, Alfdfa, irrigated 1996 - 1997 | 2 years complete, establishment year
in 1995
Bushland, Corn, irrigated 1989 — 1990 | 2 years, complete during corn
growing season and fall. Model

evauations during May 1 —
December 31 for each year

5.4.1. HEL P model evaluation

We obtained HELP version 3.07, from the U.S. Army Corps of Engineers website
http://www.wes.army.mil/el/elmodel s/index.html and used that version for all evauations
of the model. The HELP model can evaluate the water balance of all parts of a
conventional, barrier-type landfill cover, the waste, drainage layers, and the bottom liner.
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In this application, we used nine sub-layers within layer type one (top layer) to
simulate the soil of the lysimeter. We did not use the other layer types that are typically
used by HELP to estimate hydrologic performance of complete landfills.

The estimates were based on measured, daily values of weather parameters for the
sites except for one data set. The HELP model estimated the daily 1970-79 solar
radiation data for Coshocton, Ohio, using statistics derived from site data, as explained in
Section 5.2.2 and Appendix I. The HELP model estimated ET, surface runoff, soil-water
storage, and deep percolation from the bottom of layer number nine of layer type one.

HELP usesthe modified Penman equation for PET estimates, and the curve number
method to estimate surface runoff. In addition to site-specific data, we used the default
values suggested in the model database.

5.4.2. EPIC model evaluation

We obtained EPIC version 8120 (EPIC8120) from the Texas A&M University,
Blackland Research Center, website ftp://brc.tamus.edu/pub/meinardu/epic/epic8120/ and
used that version for all evaluations of the model. EPIC can evaluate all parts of the
water balance for a vegetated landfill cover; however, it was not designed to evaluate the
hydrology of complete landfills.

The estimates were based on measured, daily values of climate parameters for the
sites except for one data set. EPIC estimated the daily 1970-79 solar radiation data for
Coshocton, Ohio, using statistics derived from site data, as explained in Section 5.2.2 and
Appendix |. EPIC utilized 10 soil layers to describe the soils of each site. Unused parts
of EPIC, such aswind and water erosion, and costs, were turned off within the model.
These unused calculations have no effect on water balance estimates produced by the
moded. The associated program “UTIL” provided access to the data sets specific to
model operation and contains a description of each variable along with suggestions for
default values.

EPIC contains four methods for estimating PET; we used the Penman-Monteith
method. EPIC contains subroutines for two methods to estimate surface runoff; we chose
the curve number method. In addition to site-specific data, we used default values
suggested in the model database.




6. Model Performance

We executed the EPIC and HEL P models using the soil and plant parameters and the
daily measurements of climate data available for each site. The models estimated water
bal ance parameters for each day of the measured period. In this section we evaluate
model performance.

All pats of the water |
balance equation are important

to the design or evaluation of
ET landfill covers. Because

- Q
the amount of water that may
percolate through the cover Coshocton 87-93 }

Coshocton, 70-79 PRK

and into the waste is a mgor
design issue for landfill
remediation, the emphasis in  Bushland, Alfalfa
model evauation should be
placed on PRK. Actua ET
and Q together are usualy  Bushland, Corn
much larger than PRK (Figure
12). However, errors in 0% 25% 50% 75% 100%
estimates of ET and Q affect
the accuracy of PRK
estimates indeed, they can
cause large errors in PRK estimates. Therefore, even though the focus of this model
performance evaluation is on accuracy of PRK estimates, the accuracy with which a
model predicts both ET and Q may define its usefulness in ET landfill cover design and
can not be ignored.

An effective way to evaluate the model performance is to compare annual or monthly
values estimated by the model with the similar measured eventsfor ET, Q, and PRK.
The value of total PRK for the month in which it reaches its maximum value during each
year providesa surrogate for the critical event. Maximum monthly values of PRK for
each year may also be used to measure model performance. The annual amounts and the
maximum monthly value for each year lend themselves to statistical evaluation by
classical methods. Therefore, it is possible to statistically assess model performance and
thereby objectively assess model performance relative to another model or to
hydrological measurements.

Figure 12 Fractions of the measured, outgoing water
balance for Bushland and Coshocton.

6.1. Internal hydrologic water balance of the models

Both the HEL P and the EPIC models were previously tested before release by their
developers. Eachmodel was tested to assure that cal culations within the model were
accurate. Calculations within the model should satisfy the water balance expression
contained in Equation 1 (Section 3.1).

We estimated the internal hydrologic balance of each model based upon the longest
available record of measured water balance. Table 5 contains estimates of measured
water balance errors and a comparison with model estimates for the Coshocton lysimeter
Y 101d, for the period1970-79. The walls of the lysmeter prevented lateral flow; (L)



therefore, that term was zero in the water balance. The water balance error of the
measured data was about 3.5 percent (Table 5); the error is similar to that from high
quality hydrologic measurements.

The internal water balance for the EPIC model was -0.2 percent and for the HELP
model it was near zero (Table 5). Internal model errors of this size are highly acceptable
and expected for tested hydrologic models. However, the modeling errors for individual
terms of the water balance are larger than the internal water balance error — as high as
20 percent of the measured precipitation.

Table5 Water balance errors for the sum of lysimeter measurements and for the
sum of model estimatesfor the 1970 through 79 time period at Coshocton, Ohio.

M easur ed EPIC estimate HELP estimate
mm Error Error, % Error, %
% mm | meas(prcp)!| mm | meas(prcp)?
Lysimeter 2 2
orecipitation (P) 11,067 11,067 11,067
ET 7,670 7532 -18(-12) 5,472 | -28.7 (-19.9)
Q 63 312 | +395(2.2) 669 | +961 (5.5)
PRK 3,678 3,173 | -13.7 (-4.6) 4,917 | +33.7 (11.2)
DSW 46 32| -30.4(-0.2) 10| -78.3(-0.3)
L 0.0
Sum (ET + PRK 4
+0+ DS\N)3 11,457 35 11,049 11,068
Model balance® 0.2° <0.01°

1. Errors as percent of measured variable or (lysimeter precipitation)
Measured, daily precipitation was input to model

2
3. Water balance equation: P=Sum(ET + PRK + Q + DSW) + error
4. Sum of measured values for water balance estimate
5. Internal, model hydrologic water balance

Even though both models had near-zero internal water balance error, they produced
substantial error in individual terms of the water balance (Table 5). A small internal
water balance error proves that calculations within the model are sufficiently accurate,
but does not demonstrate the accuracy of the model for design activities. These models
produced good internal water balances. The remainder of this section focuses on the
guestion of how well the models may perform when used for design or evaluation of ET
landfill covers.

6.2. Statistical evaluation of model estimates

The measured and estimated data for the Coshocton and Bushland sites were daily
values of each parameter. The model estimates of annual ET, Q, and PRK, and extreme
monthly PRK events are compatible with statistical evaluation. Therefore, the model




evaluation includes statistical evaluation of the annual summations and the maximum
monthly sumof PRK for each year. We determined which parameters were normally
distributed before statistically evaluating model output.

Quantitative methods employing statistics may be used to evaluate model
performance and provide a sound basis for model evaluation Quantitative methods
include both summary statistics and goodness-of-fit measures.

Summary statistics and goodness-of-fit measures were selected to evaluate model
performance for both normally and non-normally distributed parameters following
suggestions by Chung et al., (1999), Loague and Green (1991) and Zacharias et a.,
(1996). The normality of each parameter data set was assessed on the measured data
using methods suggested by Gilbert (1987). These summary statistics and illustrations
created from the data are the primary methods used to compare model output with the
lysimeter measurements.

6.2.1. Summary statistics

Common summary statistics for the normally distributed values include the meanand
standard deviation they are defined in many text books Because the mean and standard
deviation should not be used to describe data that are not normally distributed, another
means must be found to define model results and accuracy for those data. The median
and median absolute deviation (MAD) are analogous terms and they may be used to
describe non-normal data; however, they are less well known. The MAD is defined by
Chung et al., (1999) and Zacharias et al., (1996) as.

MAD =1.4826" median(] x - X, |:i =12...,n) Equation 3

where x; is the ith observation, X, is the sample median, and n is the sample size.

The differences between measured values and the model predicted values describe the
usefulness of the model for both normally and non-normally distributed data. We
described the difference as percent “error” which we define in equation 4:
error = :P'.“__Omg’ 100 Equation 4

greferenceq

where Py, = predicted (model) mean or median, O, = observed (measured) mean or
median and reference = reference value. The reference value is defined as the measured
parameter value or measured lysimeter precipitation plusirrigation, as appropriate to the
analysis. The reference vaue is stated for error estimates.

Percent error is an important measure of model performance; however, methods
defined above for “error” may produce differing results. For example, from Table 5, the
error of the PRK estimate by HELP is 1,239 mm during the 10-year period. The error
based on the measured PRK value is 33.7 percent. The error based on total precipitation
isonly 11.2 percent. Even though the most obvious and intuitive assumption is that
measured values should be used in estimating error; there are valid reasons for using total
precipitation in error analyses as well.

Small parts of the hydrologic water balance, such as PRK are measured directly and
independently in lysimeter measurements. Therefore, the measured value of PRK is
accurate, precise, and independent of measurement errors for ET and Q. Model estimates



of small hydrologic terms, such as PRK, contain increased error as aresult of errors made
by the model in estimating the larger terms; they are not independent from estimates of
the large terms. Because terms such as PRK may be very small parts of the model-
estimated water balance, their estimated error may be large when compared to the
measured value.

It is important to define the error in away that is consistent with the design goal and
the intended use of the moddl estimates. A major concern in landfill cover design is the
fraction of monthly or annual precipitation that may infiltrate through the cover and into
the waste. Because the soil will store a significant fraction of monthly or annual
precipitation one may consider monthly or annual precipitation as the point of reference
in making error estimates.

In this setting, the design engineer may seek to minimize the error of each term of the
water balance equation relative to the most easily understood and available data — total
precipitation. We used both measured values and precipitationas references for error
estimates

6.2.2. Goodness-of-fit estimates

Goodness-of-fit measures are based on an analysis of residual errors or differences
between measured and model estimated parameters. They provide an estimate of the size
of the difference between measured data and model estimates. The standard tests require
that the data be normally distributed; however, there are alternatives for non-normal data.

We used goodness-of-fit estimates to further assess the accuracy of each model. The
hydrologic variables were identified as normally distributed at the significance level of
a = 0.1 (10% level) as described by Gilbert (1987). Anaysis of measurements revea ed
that the annual totals, and the maximum month totals for each year for ET and PRK, were
normally distributed. The totals of Q measurements were not normally distributed.

Goodness-of-fit tests selected for evaluating the normally distributed estimates
include (Chung et a., 1999; Zacharias et al., 1996; and L oague and Green, 1991):
1. RMSE = normalized root mean square error, %
2. EF = modeling efficiency
3. CRM = coefficient of residua mass

/°fP-oz
RvisE = 20 a '=1( -0) Equation 5
— n

@)
3" (0-0)32-4  (P-0)?
EF = @,© o n) ajl(z - 9)) Equation 6
a._6-0)
1 0-a.P
CRM :(a'flo'n A ') Equation 7
ai:]_oi
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where O, and P; are the observed (measured) and predicted values of each evaluation

datumi, nisthe number of observed and predicted value pairs, and O is the mean of the
observed values.

The RMSE is a comparison between two data sets that is somewhat analogous to
standard deviation of asingle set of numbers. It is expressed as a percentage of the size
of the variable. EF defines how well the model predicts the measured values and a value
of 1.0 signifies perfect correspondence. CRM assesses the variance of model estimates
from the measured data that is not explained by the model.

Goodness-of-fit tests selected to evaluate non-normally distributed estimates include
(Chung et al., 1999; and Zacharias et d., 1996):

1. MdAE = normalized median absolute error, %, and
2. REF = robust modeling efficiency

ad000
MdAE = median|O, - P|:i =12,..n) g—: Equation 8
q | ) Om (]

mEF :émedianQOi - O, .:12,...n)- me_dian(|oi - Pl :1,2,...,n))g Equation 9
g median(O, - O,|:i =1,2,..n) i

where O, and P; are the observed (measured) and predicted values of each evauation

point i, n is the number of observed and predicted value pairs, and Oy, is the median of
the observed values.

MdAE and REF are functions suitable for use on non-normal data and intended to
simulate the results of the RMSE and EF respectively.

We chose criteriafor each summary statistic or goodness-of-fit statistic to aid the
evauation of model performance. These criteria are somewhat arbitrary, however, we
chose the same criteria that were applied by Chung et d., (1999). These criteria provide
uniform guidelines to indicate when estimates by a particular model deviate substantially
from the measured data. They aso provide a means to evaluate each model and to
compare them with each other. Table 6 contains the criteria chosen to assess model
performance.



Table 6 Criteria chosen to assess model performance for both normally and non
normally distributed variables.

Statistic for data with: Optimum | Satisfactory results | Comment
Normal distribution
Error (%) 0.0 -20< % error <20 | + = prediction high
- = prediction low
RMSE (%)* 0.0 < 50%
EF? 1.0 >0.3
CRM? 0.0 -02<CRM <0.2 |- = prediction high

+ = prediction low

Non-normal distribution

Error (%) 0.0 -20< % error <20 | + = prediction high
- = prediction low
MdAE (%)* 0.0 < 50%
REF° 1.0 >0.3

RM SE = normalized root mean square error, %
EF = modeling efficiency

CRM = coefficient of residual mass

MdAE = normalized median absolute error, %
REF = robust modeling efficiency

s wdhpE

6.3. Performance —annual totals

Table 7 contains summary statistics for annual totals of daily valuesof ET, Q, and
PRK. Because the parameters were normally distributed, annual means are compared for
ET and PRK. Because the measured Q values were not normally distributed, model
performance is more appropriately evaluated by median values of Q.
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Table7 Summary statisticsfor annual totalsof ET, Q, and PRK. Percent error estimate based on measured parameter value.
Boxed values exceed thecriteriafor satisfactory results (Table 6)

Average annual total

M easur ed Model — ET Model — Q Model — PRK
1 2 3 2 2 3 2
Prcp. ET Q PRK< | Model Errof M odel Errof M odel Errof
Data set/model | +1rrig. | Mean | Med. | Mean | Mean Med. M ean
mm mm mm mm mm mm % mm mm % mm mm %
Coshocton
70-79, EPIC 11,067 767 44 368 753 -14 -2 34 -1 -23 318 -50 -14
HELP 11,067 767 4.4 368 547 -220 -29 71.0 +67| +1,500 492 +124 +34
87-93, EPIC 7,170 764 12 276 732 -32 -4 0.0 -1.2 -100 259 -17 -6
HELP 7,170 764 12 276 570 -194 -25 7.2 +6 +500 429 +153 +55
Bushland
Alfdfa EPIC 2,953 | 1514 0° 0 1460 -54 -4 0 0 0 0 0 0
HELP 2,953 | 1514 0 0 1478 -36 -2 0 0 0 71 +71] >1000
Corn, EPIC 1,664 809 0 22 867 +58 +7 0 0 0 31 +9 +41
HELP 1,664 809 0 22 869 +60 +7 0 0 0 55 -17 =77
1. Measured, mean annual precipitation + irrigation
2. Mean vdue
3. Median value
4. Error, mm or percent of measured parameter vaue
5. Bushland lysimeters prevented runoff, models predicted none

-40 -




6.3.1. Annual total — ET error

The ET values displayed in Table 7 are measured and estimated values of AET. The
estimates could contain errors derived from estimates of either PET or AET.

The HELP model uses the modified Penman method to estimate the PET at the site.
The EPIC model contains four methods for estimating PET; we chose the Penmant
Monteith method for the model estimates. Jensen et a., (1990) reported extensive tests
of 20 different methods for estimating PET against datafrom many locations in many
nations; they found that the Penman-M onteith method was the most accurate overall.
Their analysis showed somewhat |ess dependable results with the Penman or the
modified Penman methods. Therefore, the estimates of PET by EPIC may have been
more accurate than those by the HELP model.

We did not assess the error in AET separately from PET because the measured data
were for AET. The exact source of the difference in performance between the two
models is therefore unknown. The most likely case is that both PET and AET estimates
were in error for both models.

Inspection of Table 7 shows larger errors in both Q and PRK in association with large
errorsin ET estimates for the Coshocton data, thus emphasizing the importance of
accurate estimates of ET. The errorsin ET estimates were smaller for the Bushland data.

6.3.2. Annual total — Q and PRK error

Both models produced substantial errors for Q and PRK when evaluated against
measured values of Q and PRK, Table 7. The probable cause is the size of the measured
and estimated values relative to ET and precipitation.

It is important to note that using standard methods to describe the site conditions,
both models estimated no runoff for the Bushland data where runoff was not alowed. It
is important that models not predict runoff where none was produced; therefore, both
satisfactorily estimated Q for the Bushland data. For the Coshocton lysimeters, both
models produced Q estimates (Table 7) that are outside the limits set in Table6. The
EPIC model produced more accurate estimates than the HELP model (Table 7).

Asexplained previously in section 6.2.1, it is appropriate to examine model
performance based on error estimates that use the precipitation value as the reference.
Therefore, the annua totals for Q and PRK are evaluated using both the measured
parameter and total precipitation values as reference for error estimatesin Table 8.
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Table8 Summary statisticsfor annual totals of Q and PRK with percentage error based on bothtotal precipitation and the

measured parameter valuesasreference. Boxed values exceed thecriteriafor satisfactory results (Table 6).

Sk wNE

Average annual total

M easur ed Model — Q Model — PRK
Data set/mode Prcp..l Q? | PRK® | Model Error M odel Error
+1Irrig. | Med. | Mean | Med.? Prec* | MP° | Mean® Prcp* | MP°
mm mm mm mm mm % % mm mm % %
Caoshocton
70-79, EPIC 11,067 4.4 368 34 -1 >-.1 -23 318 -50 -0.5 -14
HELP 11,067 44 368 71.0 +67 +0.6] +1,500 492 +124 +1.1 +34
87-93, EPIC 7,170 1.2 276 0.0 -1.2 >-.1 -100 259 -17 -0.2 -6
HELP 7,170 1.2 276 7.2 +6 +0.1 +500 429 +153 +2.1 +55
Bushland
Alfdfa EPIC 2,953 0° 0 0° 0 0 0 0 0 0 0
HELP 2,953 0 0 0 0 71 +71 +2.4]1 >1000
Corn, EPIC 1,664 22 0 0 0 31 +9 +0.5 +41
HELP 1,664 22 0 0 0 55 -17 -1.0 =77
Measured, mean annual precipitation + irrigation
Median vaue
Mean value

Error, percent of measured precipitation

Error, percent of measured parameter value

Bushland lysimeters prevented runoff, models predicted none
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The errorsin both Q and PRK are less than 2.5 percent when estimated with
measured precipitation as the reference (Table 8). The errors by the models are therefore
consistent with the errors of high quality measurements of the hydrologic water balance.
Error estimates based on the precipitation reference suggest that either model would be
acceptable for engineering design of ET landfill covers. However, errors based on the
measured parameter value reference, suggest that neither modd is adequate for Q
estimates and that the EPIC model is generally adequate for PRK estimates (Table 8).

6.4. Perfor mance — surface runoff

There were large errors in the estimate for Q by both models (Tables 7 and 8).
Additional insight into model estimates of Q may be gained from an examination of total
runoff measured at Coshocton over the tenyear period from 1970-79. The HELP model
(Table 5) predicted 10 times as much total runoff as was measured and EPIC predicted 5
times as muchfor the 10-year period.

Both EPIC and HELP use the SCS curve number (CN) method to estimate surface
runoff; that method has been widely used in engineering design and evaluated by many
investigators. The SCS CN method was devel oped from experimental measurements of
storm runoff collected at sites east of the Rocky Mountains in the United States. It was
developed, tested, and refined for estimates of storm runoff amount from small water
sheds. The runoff estimates were intended for use in design of erosion control structures
and ponds on farms and ranches.

Possible reasons for the substantial errors in surface runoff estimates for the
Coshaocton lysimeter Y 101d include the following:

The annual measured Q was a small part of the water balance; therefore, model
estimates that were only afew mm in error, produced large percentage errors

A large part of annual precipitation occurred as snow, but the CN method was
developed primarily from rainfall runoff measurements

The soil surface may have been more permeable when frozen than estimated by the
models

The SCS CN method was applied to all potential runoff events, both large and small,
whereas the method was devel oped for the purpose of estimating large or extreme
runoff events

The standard CN (used in these estimates) may not represent the surface condition of
the lysimeter

The lysimeter surface was small in comparison to farm fields or watersheds for
which the method was developed

More than one of these reasons may have influenced the model estimates of Q.
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Figure 13 shows average measured 30

monthly runoff amounts and estimates by a5 LELP Average Runoff
EP_IC and HE!_P for the Coshocton Y 101d 20 N Coshocton, Y101d -
lysimeter during 1970-79. The models € 1970 - 79
estimated more runoff than was measured E o R

. . . . 10 > EPIC
during winter and early spring — the time 7
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when snowmelt normally dominates surface / :5 . .
runoff. During the remainder of the year, 0 - -
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acceptable accuracy. The data in Figure 13

indicate that the most likely cause of the Figurel3 Ten-year average, monthly surface
significant errors in surface runoff estimates "unoff, lysimeter Y101d.

shown in Table 5 was the accumulation and

melting of snow. It appears likely that the soil was more permeable during the snowmelt
season than predicted by the models. The data in Figure 13 suggest that the CN chosen
for use in the modes was appropriate during the eight warm months of the year when
there were small amounts of measured Q, and model estimates were good.

6.5. Performance — annual maximum monthly PRK totals

Extreme values of PRK are importart to the evaluation of ET landfill covers because
they may define critical design requirements. The extreme values of PRK are a surrogate
for the “critical event”.

We selected the maximum monthly sum of PRK from each annual data set to test
extreme value estimates. The maximum annual, monthly sum of PRK estimated by the
model did not aways occur in the same calendar month as the maximum measured
monthly amount for a particular year. Therefore, the data sets indirectly assessed the
month of occurrence as well as the monthly amount as variables in the comparison; both
are important to evaluation of ET cover performance. Table 9 contains summary
statistics for maximum monthly totals of PRK and estimates of the error produced by the
models.

The significant errorsin model estimates of surface runoff during winter at Coshocton
(Section 6.4 and Figure 13 above) probably affected the model estimates of maximum
monthly values and their timing. Thus, the Coshocton data tested the ability of each
model to correctly estimate PRK for each month even though there were significant
errorsin other water balance terms during the year. This might be described as atest of
the “robustness’ of the models.

The hydrologic, water balance error for the measured data was 3.5 percent for the
Coshocton measurements during 1970-79 (Table 5); that error was computed with
precipitation as the reference value. The errors for PRK estimates by both models are
less than 3.5% (Table 9) when estimated with precipitation as the reference. However,
the errorsin estimates of PRK with measured PRK as the refererce are all larger than
3.5%. The estimates by the HELP model are greater than the criteria for acceptable
performance on al of the data sets (Table 9).



Table9 Summary statisticsfor mean values of annual maximum monthly totals of daily
values of PRK. Boxed values exceed the criteriafor satisfactory results (Table 6).

Prop L 2AnnuaJ miximum monthly total PRK
Data set/model | +Irrig. Meas Mode Erro:
M ean M ean Prcp. M P°
mm mm mm mm % %
Coshocton
70-79, EPIC 11,067 102 122 20 0.2 19.6
HELP 11,067 102 205 103 0.9 101
87-93, EPIC 7,170 79 88 9 0.1 114
HELP 7,170 79 145 66 0.9 83.5
Bushland
Alfafa EPIC 2,953 0 0 0 0 0
Alfafa HELP 2,953 0 47 47 1.6 >1000
Corn EPIC 1,664 22 24 2 0.1 9.1
Corn HELP 1,664 22 4 -18 -1.1 -81.8
1. Measured, mean precipitation + irrigation, mm
2. Measured mean, maximum monthly PRK, mm
3. Mode estimate, mean, maximum monthly PRK, mm
4. Error, percent of measured precipitation

5. Error, percent of measured PRK
6.6. Statistical evaluation

The evaluation statisticsdescribed in Section 6.2.2 measure the goodness-of-fit of the model
results to the measured data and provide additional insight into model performance. Tables 10,
11, and 12 contain a summary of the goodness-of- fit measures of model performance that were
used in the statistical evaluation of model performance. The contents of these tables are based
on the equations described in Section 6.2.2 and the performance criteria that are described in
Table 6.

Table 10 contains the evaluation statistics based on annual totals of daily values. Table 11
describes the evaluation statistics based on annual, maximum month totals of daily values for
PRK. Table 12 contains a summary of the statistical evaluation.
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Table 10 Model evaluation statistics based on annual totals of daily values. Boxed values
exceedthe criteria for satisfactory results contained in Table 6.

ET PRK Q
Dataset/model | RMSE!| EF* |CRM®|RMSE| EF | CRM | MdAE*| REF
% % %
(Optimal value) | (0.0) (1.0) (0.0) (0.0) (1.0) (0.0) (0.0) (1.0)
Coshocton, 1970-79, meadow
EPIC 140 | -6.8" | 002 | 440 |-019 | 0.14 123 |-0.73
HELP 306 |-362 | 029 | 457 |-027 |-034 | 1402 |-187
Coshocton, 1987-93, meadow
EPIC 94 | -12 | 004 | 289 | 062 | 0.06 200 |-1.29
HELP 268 |-172 | 025 | 63.0 |-0.83 |-0.56 358 |-3.10
Bushland, 1996-97, alfafa
EPIC 4.2 0.8 | 0.04 0*® o* o* o* o*
HELP 50 | 07 | 002 | + | + | ++ o | o
Bushland, 1989-90, corn
EPIC 73 | -184 |-007 | 56.2 | 0.68 |-0.40 o* o*
HELP 98 | -329 |-0.07 | 1220 |-049 | 0.75 0* o*

RMSE = Normalized, root mean square error
EF = Modeling efficiency

CRM = Coefficient of residua mass

MdAE = Normalized, Median, Absolute error
REF = Robust modeling efficiency

Nogh~wdNE

* = No PRK or Q measured, model estimated none
++ = No PRK measured, HELP predicted 71 mm/year (division by zero)




Table11 Model evaluationstatistics based on annual, maximum month,
totals of daily valuesfor PRK. Boxed values exceedthe criteria for satisfactory
results contained in Table 6.

PRK
Data set/model RM SE* EF? CRM?
%
(Optimal value) (0.0) (1.0 (0.0)
Coshocton, 1970-79, Meadow
EPIC 29.9 -0.2 -0.19
HELP 110.0 -15.0 -1.00
Coshocton, 1987-93, Meadow
EPIC 39.5 0.02 -0.12
HELP 915 -4.3 -0.85
Bushland, 1996-97, Alfalfa
EPIC o+* 0* 0
HELP +4° ++ ++
Bushland, 1989-90, Corn
EPIC 11.9 0.99 -0.08
HELP 126.7 -0.6 0.83

agbkrwpNhE

Table12 Summary of the statistical evaluation contained in tables 10 and 11.

RMSE = Normalized, root mean square error
EF = Modeling efficiency

CRM = Cosfficient of residual mass
* = No PRK or Q measured, model estimated none
++ = No PRK measured, HELP predicted 71 mm/year (division by zero)

M odel Satisfactory | Unsatisfactory
Number Number
Annual totals
EPIC 22 10
HELP 12 20
M aximum monthly PRK
EPIC 10 2
HELP 0 12
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The normalized root mean square error for annual totals of ET were less than 15 for all
model estimates except those by HEL P for the Coshocton data (Table 10). The RMSE for HELP
estimates from the Coshocton data were double and triple those for the EPIC model for the 1970-
79 and 1987-93 data respectively (Table 10). The error measured in mm of water, of the ET
estimate by the HELP model for the Coshocton data, was more than six times larger than for the
EPIC model (Table 7) and did not meet the criteriafor satisfactory performance.

The statistical estimates of performance by the models when estimating peak monthly values
of PRK revealed clear differences in model performance (Table 11). The HELP model satisfied
none of the requirements set for goodness-of-fit estimates of PRK (Table 11). The EPIC model
met al of the requirements except for the EF statistic on the Coshocton data.

Table 12 summarizes the statistical evaluations contained in Tables 10 and 11. The data are
the number of statistics that are either satisfactory or unsatisfactory for each model. The
summary and Tables 10 and 11 show that the EPIC model performed better than HELP.

6.7. Performance — monthly estimates

Sections 6.1 through 6.6 focus on statistical evaluation of model performance. A more
detailed examination of the data may reveal causes for the results discussed above and provide
additional insight into model performance.

6.7.1. ET estimates

ET isthe largest element of the estimated water balance parameters, and significant errorsin
estimates of actual ET reduce the accuracy of the estimate for other parts of the water balance.
Thedatain Table 7 show that the error for HELP model estimates of ET exceeded the criteriafor
two of the four data sets.

Figure 14 compares the performance of the EPIC and HELP models as illustrated by average
monthly values of ET measured by lysimeter Y 101d at Coshocton, Ohio, for the longest
available record of measured values. The EPIC model closely approximated all months except

10-year, Average ET
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Figure14 Measured and estimated average ET for lysimeter Y 101d, at Coshocton, Ohio during
1970-79

June. However, the HELP model underestimated ET during May through September, which are
the critical growing season months when maximum energy is available to evaporate water.



The apparently low value of measured ET during June is unexpected. In North America,
potential ET for the month of June is higher than for any other monthat most locations; asa
result, actual ET is aso normally at its maximum during June. The measured ET during June
was aso low for the 1987-93 record at Coshocton Juneis alikely month for hay harvest from
meadow, and although not found in the Coshocton records, may be the cause of reduced ET
measured during June (Figure 14).

Figure 15 compares the performance of the EPIC and HEL P models in estimating monthly
values of ET measured by the lysimeters at Bushland for corn and alfalfa. The hot, dry climate
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Figure15 Comparison of measured ET with estimates by EPIC and HELP for corn and alfalfa at

Bushland.

at Bushland during summer, resultsin very high ET rates. As aresult, the requirements for ET
estimation are different from those at Coshocton where the summer climate is humid, cooler, and
less windy. The EPIC model estimated ET closely for each month for both corn and afalfa at
Bushland; however, the HEL P model estimates were less consistent and overall they differed
more from the measured values.
6.7.2. PRK estimates

The water balance parameter of greatest concern in evaluating ET landfill covers with
models is the accuracy and reliability of PRK estimates. There was a substantial amount of PRK
at Coshocton, but at Bushland there was none for alfalfa and a small amount in one year for corn.
The EPIC model estimated PRK with good accuracy for both measured records at Bushland

(Tables 7 and 8).

Because there was substantial PRK measured
at Coshocton, we present a more detailed analysis
for those data. Figure 16 compares the monthly
values for PRK for each month of the 17-year
record at Coshocton. In most of the months, PRK

was small.

EPIC estimated PRK values that were

both too high and too low; however, the data
cluster near the 1:1 line is expected for a reliable
model. HELP, however, estimated several very
large values when the corresponding measured
value was small. The largest monthly amount of
PRK estimated by HELP (280 mm) was for a
month in which less than 50 mm of PRK was measured.
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Figure 17 shows measured and model estimated, monthly values of PRK for the 10-year
period 1970-79 at Coshocton. A model should mimic the measured, natural pattern aswell as
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Figure17 Comparison of average measured monthly PRK with estimates by EPIC
and HELP for lysimeter Y 101d at Coshocton during 1970-79.

the annual or monthly amount of PRK.

The estimate by EPIC for March was too high, but otherwise the estimates were acceptable
and paralleled the measured amounts. The EPIC estimates were close to the measured amount
for December, January, and February — all months with substantial snow and frozen soils. In
addition, EPIC estimates of PRK followed the measured values during the growing seasonfrom
April through November. The EPIC estimate for PRK in both February and April was near the
measured value (Figure 17) even though there was error in the March estimate. Thisis evidence
that the EPIC modé is arobust engineering model that tends to return to correct estimatesin
gpite of unknown factors that create errors in parts of the model estimates.

The HELP estimates wereeither too low or too high by substantial amounts (Figure 17); o
pattern is obvious that explains the model performance. The HELP estimates of PRK during the
growing season, April through November, were in substantial error (Figure 17).

7. Summary

Thisevauation of the HELP and EPIC models utilized high quality data sets from two sites.
The data sets available for this evaluation provide contrasts in hydrologic conditions, and
therefore, they provide the opportunity for model comparison under widely differing conditions.

7.1. Accuracy of the modelsfor usein design or evaluation of ET landfill covers

It is not enough to state that one model is better than another, because neither may be
acceptable for use in design or for cover evaluation.

In order to evaluate whether a model is suitable, one should first attempt to understand the
practical reality of site conditions. The climate data available to designers contains unknown
errors and few, if any, are of the desired length. Descriptions of soil material and available
information about plant response to climate and soils are imperfect. These limitations govern
evauation of ET landfill covers and limit the potential accuracy of model estimates.

The annual water balance errors found in the high quality lysimeter measurements used for
these evaluations demonstrate the practical limits for model estimates of ET landfill cover
performance. The range of the absolute value of the annual error for the rain gauge data varied
between47 and 151 mm (Table 3). The absolute value of total errors of the measured water



balance using rain gauge precipitation measurements, are between 5 and 15 percent of average
annual precipitation(Table 3). Inthe normal situation at a site, only rain gauge data are
available for estimating site precipitation, thus a reasonable expectation for total error of annual
model estimates may be assumed less than 10 percent of annual precipitation.

The errors in model estimates for ET were al less than 3.6 percent of the measured value
based on annual precipitation (calculated from datain Table 7). The error in model estimates
for PRK was less than 2.5 percent of the measured value based on annual precipitation (Table 8).
These model evaluations demonstrate that using tested engineering models for design of ET
landfill coversisavalid practice.

7.2. Relative performance of the models

Design and evaluation of ET landfill covers requires afocus on natural systems. The focus
of the EPIC model is on the science and engineering involved in the interaction of climate, soil,
and plants in natural systems and the resultant effect on hydrologic water balance. EPIC
provides arelatively complete description of the natural processes that are important to
performance of an ET landfill cover.

The HELP model was designed to evaluate the hydrology of complete, barrier-type landfill
covers, including the cover, waste, bottom liner, and leachate collection. As explained in Section
4.3, the focus of the HELP model is on the manmade features of landfills and waste properties
and not on natura systems that control the water balance of the cover. The HELP model
achieves the goa set for it for manmade structures and waste but it is less accurate than desired
for natural systems.

These evauations clearly demonstrate that the EPIC model is adequate for ET cover design
and evaluationand that it is significantly better than the HELP model. The HELP model has
limited usefulness in design or evaluationof ET landfill covers. In all four comparisons
evaluated in this study, EPIC produced substantially better estimates of ET, Q, and PRK than did
HELP.

The extreme hydrologic event defines the maximum stress on the ET cover and determines
whether a particular design is adequate for site requirements. Model estimates of maximum
monthly PRK are of particular concern for ET landfill cover design and evaluation because the
maximum monthly amount is a surrogate for the extreme event. The HELP model failed to meet
the criteria established for maximum monthly PRK on any of the four lysimeter data sets. EPIC,
however, exceeded the criteria set for all four data sets. In addition, the maximum error of the
EPIC modd estimates of maximum monthly PRK was 0.2 percent of annual precipitation
(Table9).
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AET
AFCEE
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AWC
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IGWMC
INRA

MAD
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Mg
NAEW
NRCS

PET
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REF
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SCS

USDA
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Acronyms

actual evapotranspiration

Air Force Center for Environmental Excellence
Agricultura Research Service

American Society of Civil Engineers

plant available water content

cation exchange capacity

curve number

coefficient of residua mass

modeling efficiency

Environmental Protection Agency
Environmental Policy Integrated Climate
evapotranspiration

field capacity

Hydrologic Evaluation of Landfill Performance
irrigation

International Groundwater Modeling Center
Institut National de la Recherché Agronomique
lateral flow

median absolute deviation

normalized median absolute error

megagram

North Appalachian Experimental Watershed
Natural Resource Conservation Service of the USDA
precipitation

potential evapotranspiration

deep percolation

surface runoff

Resource Conservation and Recovery Act
robust modeling efficiency

normalized root mean square error

Root Zone Water Quality Model

Soil Conservation Service of the USDA

Soil Science Society of America

soil water

U.S. Department of Agriculture

(permanent) wilting point
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Appendix C
Climate Characteristics

Today, conventional landfill cover design is relatively simple because the regulations contain
design specifications. However, there are no specifications within the regulations to control or
assist with the design of alternative landfill covers; therefore, they require conventional
engineering evaluation and design. Climate and its effect on the performance of alternative
landfill covers are important factors in the selectionof the cover type and its design.

Regional climate should be the first considerationwhen evaluating the suitability of an
alternative landfill cover for asite. If the regional climate appears to be compatible with the
requirements of the alternative cover, then site characteristics should be examined to determine if
there are important differences between the site climate and the regional climate. The site climate
will be similar to that at nearby stations for most of the country. However, site and regional
climate data may differ substantially for sites near mountains, in valleys, in the rain shadow of
coastal mountains, or near the coast.

An adequate measurement of the climate at a Site requires the longest available record and
should contain a minimum of 20 years of data. The importance of long records can be illustrated
by the annual rainfall from Coshocton, Ohio: while the 35-year average annual rainfall is 37
inches, one 5-year period averaged 88 percent of the overall average (32.5 inches) and another
averaged 115 percent (42.4 inches). Clearly, a short record may not accurately describe the climate
at asite and should not be used for design. However, short climatic records may be used to
evaluate differences between the site and nearby stations during equivalent time periods. Based
upon the degree of correlation, the long-term records from nearby stations may then be modified
and used at the site.

Site-specific climatic factors that are important to selection of landfill cover type and to
design of evapotranspiration (ET) landfill coversinclude daily precipitation values, maximum
and minimum temperature, relative humidity, total solar radiation, and daily wind run. If al of
the data are not available, one can make useful—but less accurate—estimates of cover
performance using just the daily precipitation values and the maximum and minimum
temperatures.

As stated above, the first step in evaluating a site to determine the kind of landfill cover
required should be a quick and inexpensive assessment of the regional climate. Such an
assessment provides a ssmple and low-cost determination of the potential for an alternative ET
landfill cover at the site. The Air Force Center for Environmental Excellence commissioned a
generic assessment of the suitability of the ET landfill cover based on regional climate for the
continental United States (Hauser and Gimon, 2001). A summary of that assessment is provided
below.



1. Initial assessment—background

ET landfill covers contain alayer of fertile soil covered by
native grasses, but they have no barrier layer (Figure C-1).
The soil acts as a water reservoir, and natural evaporation
from the soil and plant transpiration empty the soil-water
reservoir before water can infiltrate into the waste. Both
potential and actual ET (PET and AET) are important design
criteria because they determine the effectiveness of the ET
landfill cover. The PET is the maximum amount of water that
plants and evaporation can remove from the soil. The AET is
less than PET and indicates how the cover may actually
perform in the environment of the site. The concept and
principles of ET landfill covers were previoudly verified and
are more completely described in Hauser et al., (2001).
Additional detail regarding their use, design and limitations
are contained in Weand et al., (1999), Hauser et al., (1999),

Plants “pump”

ﬁ water from soil

Boyer et dl., (1999), and Gill et d., (1999). Precipitation

The water balance is an accounting of all water entering
and leaving an ET landfill cover—a mass balance (see
Figure C-2). The source for infiltration is both precipitation
and irrigation, if applied. ET moves the majority of the
incoming water back to the atmosphere. The second largest
loss of water is by surface runoff. Change in stored soil-
water, lateral movement, and deep percolation are also
included in the water balance for an ET landfill cover.
However, over the period of several months or a year, the
sum of soil-water storage change and lateral soil-water
movement tends toward zero for an ET landfill cover. Deep

percolation may be zero or greater, depending on climate, soil,

and plant growth, as well as their interactions at the site.

& irrigation

Storage

In soil 2.,

Deep
percolation

ET

g Runoff
71T .
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<4== Foundation
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Figure C-2. Water Balance for an
ET Landfill Cover

Where the water table is near or in the waste and there is no landfill liner, capillary rise from the
water table and possible change in groundwater storage may be important components of the
water balance; normally, these components do not apply or are very small for ET landfill covers.
Because a primary purpose of any landfill cover is to minimize infiltration of water into the
waste, evaluation and design of an ET landfill cover requires assessment of possible deep
percolation below the root zone; it is a small but important part of the water balance.

While each water balance element should be evaluated during landfill cover design for a
specific site, it is possible to make a preliminary assessment of climate at the site to determine
possible suitability of an ET cover. This can be done by evauating the largest element of the
water balance, PET. If the PET is larger than the annual precipitation, it i highly likely that the
ET landfill cover will meet the requirements for a cover at the site.
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2. Initial Assessment—Summary

Hauser and Gimon (2001) evaluated PET at 60 sites
widely dispersed within the continental United States
(Figure C-3). They used the Environmental Policy Integrated
Climate (EPIC)! model described by Sharpley and Williams
(1990a) and Williams et al., (1990) to estimate PET for each
ste. The EPIC mode is a comprehensive model that was
extensively tested and meets the requirements for PET
estimation (Nicks et al., 1990; Cole and Lyles, 1990;
Sharpley et d., 1990; Smith et al., 1990a and 1990b; Favis- Figure C-3. SitesWhere PET
Mortlock and Smith, 1990; Steiner et a., 1990; Cooley et a., Was Estimatec
1990; Kiniry et a., 1990; and Sharpley and Williams, 1990b). In addition, Meisinger et al.,
(1991) and Chung et al., (1999) evaluated the performance of the EPIC model and its estimate of
deep percolation with both lysimeter data and watershed scale measurements. The results of their
work demonstrate that EPIC satisfactorily estimated the water balance, including deep
percolation below the plant root depth. The EPIC model is in use by the U.S. Department of
Agriculture (USDA) throughout the United States.

The PET estimation method developed by Penman  .,s[gf——=2>2°
Monteith is the most accurate of 20 methods tested by i
Jensen et al., (1990); however, it requires a complete
climate data set, including daily wind run and relative
humidity. These data were unavailable for many
locations. Therefore, Hauser and Gimon (2001) used the
Priestly-Taylor method for locations east of 100°W
longitude and the Hargreaves method west of that line.

Jensen et d., (1990) found that these methods provide Figure C-4. Ratio of PET to

accurate estimates when used as described above, and ~ Precipitation

do not require wind and humidity data. They used the EPIC model to generate a 100-year
estimate of daily climate; from that, they were able to estimate daily PET values for each
location shown in Figure C-3. Hauser and Gimon (2001) estimated the ratio of PET to
precipitation for each location; the results are summarized in Figure C-4.

The ratio of PET to precipitation is greater than one for ailmost all of the continental United
States (Figure C-4). Where theratio islessthan 1.2, careful evaluation and matching of results
with requirements for the landfill cover are required. Therefore, the ET landfill cover passes this
first test for most sites; the exceptions are primarily coastal sites with high precipitationand cool
cloudy weather most of the year or sites with long and cold winters. The landfill owner may
choose to make an inexpensive, site-specific assessment of the PET to precipitation ratio.

1 Name change, personal communication from Dr. J. R. Williams, Texas Agricultural
Experiment Station, Temple, TX
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3. Climate Statistics for Estimation of Future Daily Weather Data

After determining whether the ET landfill cover is appropriate for a site based on a regiorel
analysis, the next step is to evaluate possible cover designs and estimates of possible future
performance of the cover to determine whether it will meet the requirements for the site. The
design should be based on estimated future extreme events. Few climate records contain accurate
data for more than 60 or 70 years, and they may not reveal extremes that are important to ET cover
design. Likewise, it is not known whether the existing data represent above average or below
average conditions that might be demonstrated by longer recordsif they were available for the site.

An acceptable alternative in the design process is to use the longest record available to
generate statistics representing the climate at the site. By using these statistics and a random
number generator, very useful estimates of possible future performance can be made (Sharpley
and Williams, 1990a, and Williams et al., 1990). The generated data possess the same statistical
properties as the measured data; however, because they randomly estimate a much longer record,
they are likely to demonstrate more extreme events than were measured at or near the site. The
USDA developed a climate generator for the EPIC model; this climate generator isaso used in
other models. Monthly statistics required for generation of daily climate data within the EPIC
model (Sharpley and Williams, 1990a and Williams et a., 1990) include the following:

Monthly average maximum daily temperature

Monthly average minimum daily temperature

Monthly standard deviation of daily maximum temperature
Monthly standard deviation of daily minimum temperature
Average total monthly precipitation

Monthly standard deviation of daily precipitation

Monthly skew coefficient for daily precipitation

Monthly probability of wet day after dry day

Monthly probability of wet day after wet day

Monthly average number of days of precipitation

The EPIC modé utilizes these statistics derived from local data to generate daily values of
precipitation, maximum and minimum temperature, solar radiation, humidity, and wind speed;
these values are used in turn to estimate PET for each day.

The HELP model canalso generate daily ssimulated climate data, but uses a smaller set of input
data. The climate statistics used for daily climate generation in HELP are:
Monthly total precipitation

Monthly average mean daily temperature
Monthly total solar radiation

For generation of PET, HEL P also requires the input of quarterly average humidity for the site.
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4. Evaluation of Model-Generated Future Climate

Model-generated climate data should be evaluated to determine whether it is adequate for
design. The following example illustrates the process. Annual values of precipitation, annual
maximum one-day precipitation, and annual maximum daily temperature usualy fit a normal
distribution curve. It is therefore, relatively easy to estimate the probability for these annua
extremes of bothmeasured and model estimated data for comparison. The result from one model
evaluation follows

Precipitation is the most important climate %
parameter used to estimate PET and landfill o
cover performance. Figure C-5 compares annual
precipitation measurements with estimates by 20 | Saqgno
EPIC that employ monthly statistics derived
from 45 years of measured annua precipitation
for Stapleton Airport, Denver, Colorado. The 1o} PYyI— -
agreement between measured and estimated _ - EPIC i
annual precipitation is good. These data
illustrate how a relatively short record (45 years) 0
may be used to make realistic estimates of likely

precipitation for 100 years in the future. These Figure C-5. The probability for measured and
data also indicate that the Stapleton annual  estimated annual precipitation at Stapleton
precipitation record fits the normal distribution  Airport, Denver, Colorado.

because the EPIC estimates are based on the

assumption of normality. It is likely that additional measurements at Stapleton would produce a
record that is statistically similar to the data generated by the EPIC model.

For dl of the data generated by the EPIC model, only one estimated yearly precipitation
amount is substantially larger than the greatest measured value and only one is smaller (see
Figure C-5). Therefore, it appears that the existing record can provide useful statistics for design.
The cover should be designed and built so that it is adequate to satisfy requirements during an
extreme event (one or several days) and in an extreme year, such as the year with 27.6 inches of
model-generated precipitation (Figure C-5).

Inches

0.0 0.2 0.4 0.6 0.8 10
Probability
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Appendix D
Surface Water Runoff

Surface water runoff normally is the second largest part of the outgoing water in the
hydrologic water balance for evapotranspiration (ET) landfill covers and it is therefore important
to the design process. Water leaving the site as surface runoff reduces the volume that must be
stored within the cover. Errors in estimating the daily amount of surface runoff will result in
erroneous estimates of cover performance as measured by deep percolation of water below the
cover. This brief discussion of principles of surface runoff generation are directed to the
problem faced by a design engineer who intends to design an ET landfill cover for a specific site
where daily precipitation, air temperature, and limited soils data are likely to be the only
hydrologic data available. Typically, there are no applicable surface runoff measurements
against which the designer may test possible models of cover performance for a site, so surface
runoff must be estimated.

1. Factorsaffecting surface runoff

Surface runoff can begin only after (1) rainfall or snowmelt fill storage by plant interception,
surface storage and ponding, and (2) the rainfall rate exceeds the soil infiltration rate. It is not
possible to discuss all aspects of surface runoff here; excellent sources for technical details
include Chow et al., (1988), Lindey et al., (1958) and ASCE Manual 28, (1996). This section
discusses key factors to consider during ET landfill cover design and construction. Factors
affecting surface runoff are listed in Table D-1.

Table D-1. Factors affecting amount and rate of surface runoff from ET landfill covers.

Soil Surface Other factors
Infiltration rate Surface crust and tilth Rainfall intensity
Water content Plant type (sod or bunch grass, etc.) Ti me of occurrence of high

intensity

Particle size distribution | Cover density Storm duration
Frozen soil Growth rate Interception by plants
Bulk density Stage of annual growth cycle Soil surface depressions
Clay mineralogy Biomass production Litter on the soil surface
Macro porosity Roughness and storage Land slope

Surface runoff from ET landfill covers is derived from the precipitation that does not
infiltrate into the soil surface; it results from several factors. Some factors affect each other, and
runoff is controlled by complex interactions both before and during a storm.

Robust stands of sod grasses in a humid climate may provide substantial surface storage of
rainfall, impounding the water until it has a chance to infiltrate, - thus reducing runoff. However,
a robust stand of bunch grasses at arid or semi-arid sites may have substantial areas of bare soil
between bunches. Bare ground between bunches of grass at arid sites typically develops a
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substantial surface soil crust, thus increasing the potential for surface runoff. A similar situation
may develop under tree or shrub canopies.

Land dope is often cited as an important
variable in estimates of surface runoff. The i
pri mary effect of land Slope isitsinfluence on [ Average Annual Surface
surface water detention and storage in 15 [  Runoffby SCSMethod
puddles and ponds. Because a requirement [
for any landfill cover is to reduce water
infiltration into the waste, ET landfill covers
should be built with smooth soil surfaces and
land slopes between 2.5 and 8 percent.
Figure D-1 contains 100-year estimates of
average annua surface runoff by the Soil
Conservation  Service (SCS) method

(discussed below) for aloam soil at Cheyenne, .

WY. The difference in estimated annual Figure D-1. Effect of land slope on annual surface
runoff is only 0.2 inches between land slope of runoff.

2.5 and 10 percent. The adjustments for slope

within the SCS method assume average soil roughness and surface ponding. A correctly built
ET landfill cover (smooth surface) should provide substantialy less surface storage than
assumed within the SCS runoff method. The actual effect of surface slope should be less for an
ET cover than that shown in Figure D-1. Land slope should have a small effect on the surface
runoff amount from correctly built ET landfill covers.

Additional important factors affecting 20
runoff volume include the length of the storm '
and time during the storm when high
intensity rainfal occurs. Figure D-2
illustrates the effect of soil type and rainfall
events on possible sirface runoff from dry
soil. The data shown in Figure D-2 were
created to simulate possible events. The two
ranfal events have similar duration (90 [ -
minutes) and total rainfall amount (3.5 cm), o o 1o 1w
but differ in the time during the storm when Time, minutes
high rainfall intensity occurs. Figure D-2
contains estimates of <oil infiltration rate Figure D-2 Affect of storm type on runoff volume
generated with the Philip equation from one With initially dry soil.
st of field measured infiltration data for
initially dry soil (Linsley et a., 1958). The time of high rainfal intensity during the gorm may
substantially influence the amount of surface runoff. As shown in Figure D-2, the volume of
runoff from clay soil is usually larger than for sandy loam soil for similar storms. Thisis caused
by the greater infiltration rates of sandy loam soil than for clay soil.
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The soil-water content at the beginning of a
rain storm has a large effect on the infiltration
rate and hence the amount of surface runoff.
Figure D-3 shows estimates similar to those in
Figure D-2, except the infiltration curves were
derived from measurements on soil that was
wet before the test. These data illustrate the
possible influence of soil-water content on
surface runoff. In this case, the time of high
intensity rainfall within the storm causes a
smaller difference in runoff amount between
the two storm types than for the dry soil
example shown in Figure D-2.
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Figure D-3 Affect of storm type on runoff volume

with initially wet soil.

The Philip equation (Philip, 1954) was used
above to illustrate the effect of infiltration rate and storm type on surface runoff. The equation
is:

bt %%

| = +a Where

| = infiltration rate
t =time, and
a& b =empirica coefficients fitted to experimental data

Philip derived the equation from theoretical principles;, however, the derivation required
numerous assumptions and its use requires fitting the coefficients a and b to measured data.
Although Philips equation fits many experimental data, this ssimple equation can not show the
numerous changes in the infiltration rate that will occur during a rain event and it may or may
not represent field infiltration in this form.

Severd factors presented in Table D-1 were not discussed here, but may be important to
evaluation of surface runoff for ET landfill cover design. Please refer to the references cited
above for additional information.

2. Model estimates of surface runoff

Adequate design of an ET landfill cover requires estimates of the peak amounts of water that
must be stored in the soil of the ET cover. Required soil-water storage in the cover is directly
related to surface runoff. There are at least three ways to estimate surface runoff in models: (1)
minute-by- minute amounts (instantaneous), (2) annua or monthly values, or (3) one day amount.

Because rainfal rate and soil infiltration rate vary minute-by-minute during a storm or
snowmelt event, estimates of runoff with a small time-step within a moddl is desirable. These
estimates require minute-by- minute rainfall and melt rates as input to the model and an accurate
method to predict the corresponding infiltration rate into the soil. However, instantaneous
rainfall intensity data of adequate record length are not available for most landfill sites.

Annua or monthly values of runoff may be estimated. The largest amount of soil-water
required to be stored by an ET cover may remain in the cover soil for aday or less. Thisis true
because the water volume held in storage within the soil may be reduced by ET on the first day
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following a precipitation event. Therefore, the one-day peak water storage is much larger than
peak annual or monthly values. Annua or monthly estimates of runoff have little use in design
of ET landfill covers.

Models are available to estimate all parameters, including surface runoff, in the hydrologic
water balance on a daily time-step. Within a few minutes or tens of minutes after rainfall stops,
the rate of water movement within the soil may be an order of magnitude, or more, smaller than
rainfall or snowmelt rates. Therefore, an acceptable alternative is to design ET covers with
available models that work on a daily time-step.

3. The SCS method

The Soil Conservation Service? of the U. S. Department of Agriculture developed the “SCS
curve number method” for estimating surface runoff volume (SCS, 1972). In this discussion it
will be called the SCS method. The equations employed by the SCS method are:

Q=(P- 0.2S)*/(P+0.89) (@)
Where
Q = runoff depth, inches (Q=0, if P<0.2S),
P = rainfall depth, inches
S = potential maximum rainfall retention after runoff begins, inches

Equation 1 assumes that initial rainfall abstraction = 0.2S. The parameter S is related to the
curve number (CN) by:

CN =1000/(10+S), if Sisininches 2

The SCS developed the CN concept to estimate extreme-event, design discharge. Extreme
events were defined as runoff amounts resulting from large storms having 10 to 50 year return
periods. The CN values may be estimated from tables provided by the SCS (SCS, 1972) and in
other publications developed since 1972. Estimation of the CN requires the hydrologic soil
group assigned by the SCS soil surveyors, plant cover, and land treatment. CN 1l is the usua
design curve number and represents “average” antecedent watershed soil-water conditions. The
antecedent soil-water content is assumed related to rainfall on 5 days preceding the event. CN |
and CN Il represent the dry and wet antecedent soil- water conditions, respectively.

The parameters CN | and CN 111 may be estimated from CN 11 by the following equations:

en(y=—42eNOD
10- 0.058CN(1I)
eN(iln =—22CNaD
10+ 0.13CN(II)

2 The Soil Conservation Service (SCS) was renamed Natural Resource Conservation Service
(NRCYS)
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The original, and still widely used, database of curve numbers was derived primarily from
runoff measurements in humid or sub-humid regions of the USA because they were the data
available to the developers of the method. Users of the method have found that it provides best
runoff estimates east of the Rocky Mountains in the USA, but less accurate estimates west of the
Rocky Mountains.

Hauser and Jones (1991) derived CN’s for the more arid Texas High Plains from a 32-year
long record of runoff measurements from farm size fields west of Amarillo, Texas. Annual
precipitation at the site is about 19 inches per year. They reported “ The CN's for wheat and
sorghum should be 79 and 82 respectively (handbook CN are both 80). The single handbook CN
for fallow (90) is too high; it should be 77 for fallow after wheat and 82 for fallow after
sorghum.” Their work demonstrates the need for caution in applying the CN method under dry
conditions.

Although the SCS CN method was derived to estimate extreme events (i.e. annual maximum
storm rainfall, etc.) it is widely used to estimate runoff for al storm events regardliess of

frequency of occurrence and frequently used for daily runoff estimates. Extreme events as
defined by the SCS could extend over more than one day.

The basic SCS CN method was improved and included within the model now caled
“Environmental Policy Integrated Climate” (EPIC) model (J. R. Williams®). The EPIC model
uses the improved SCS runoff model to estimate runoff amount (Sharpley and Williams, 1990a
& band Williamset a., 1990).

Both the EPIC and HEL P models use the SCS CN method.

4. Infiltration equation methods used to estimate surface runoff

Several methods and computer programs were developed to estimate infiltration rate. Some
of them have been used with rainfal intensity data to estimate surface runoff amount. ASCE
Manual 28 (1996) presents and discusses the empirical Kostiakov, Horton, and Holtan
infiltration equations. Green and Ampt, Philip, Morel-Seytoux, Kanji, and Smith and Parlange

developed approximate, empirical infiltration equations based on theory (ASCE Manua 28,
1996).

The GreenrAmpt infiltration equation (ASCE Manua 28, 1996) is a popular approximate
model utilizing Darcy’s law. The equation is:

| =K@+ (F-Q)S;/F)

Where,

| = Infiltration rate, cm/hr

K = effective soil hydraulic conductivity, cm/hr
S =effective suction at the wetting front, cm

F = soil porosity, cnt/ cnt

3 Personal communication, J. R. Williams, 1997.
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q = initial soil-water content, cnt/ cn?®
F = accumulated infiltration, cm
This equation assumes a ponded surface so that infiltration rate equals infiltration capacity.

The ASCE Manual 28 (1996) discusses 18 engineering design models that compute surface
runoff; some of them use infiltration equations to estimate surface unoff. One of the models
used the Richards equation to estimate infiltration. One used the Smith & Parlange infiltration
equation and two used an “index”. Two models could use either the SCS curve number method
or the Greenr Ampt infiltration equation. Nine of the models used the SCS curve number method
and six used the GreenAmpt infiltration equation. The data indicated that the SCS curve
number method and the Green Ampt infiltration equation are by far the most popular methods
for estimating surface runoff in engineering design models.

The usefulness of infiltration equations for estimating surface runoff may be limited by soil
crusts that are found on the surface of most soils. Soil crusts on ET landfill covers are likely to
control infiltration. Although some models estimate water content of surface soil layers with a
one minute time-step, the unknown changes of soil crust properties limit their accuracy.

5. Use of measured data to estimate surface runoff

If available, this may be the best method for determining surface runoff volumes. However,
surface runoff data measured for an adequate period of time are seldom available or applicable to
the ET landfill cover surface. Hence, measured data is seldom a suitable alternative for design.
All of the following requirements should be met by runoff measurements in order for them to be
used:

- The soil should be similar to the cover
The plants on the surface should be similar to expected landfill cover
The runoff record should be long (greater than 30 years)
The measurement site should be near the future ET cover and have climate similar to the
Ste
Because these requirements are seldom met, this method is typically not appropriate for
consideration.

6. Modelswithout a surface water runoff sub-routine

A few models proposed for use in design of ET landfill covers contain no sub-routine to
estimate runoff rate or amount. In this case, the designer is forced to make independent
estimates of runoff amount and rate for each day of the design period and use separate models
for soil-water and for surface runoff. It is difficult to model the interactions between factors that
affect runoff, soil-water storage, and deep percolation in two separate models. Therefore, the use
of two models may result in significant errors in runoff estimates and is not recommended.
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Appendix E

Soil Characterization and Plant-Soil I nteraction

Evapotranspiration (ET) landfill covers control the precipitation falling on the surface by
providing adequate water storage capacity in the soil to contain the infiltrating precipitation.
Total, potential soil-water storage capacity is controlled by soil properties. The storage capacity
available at any instant in time is controlled primarily by the balance between infiltration from
precipitation and rate of water removal from the soil by ET. The magjority of ET is the result of
plant transpiration which should be maximized. ET covers perform best when the primary
limitation to plant growth is soil-water content, thus assuring rapid soil drying.

The cover design and construction should optimize soil conditions for water use by plants.
Thisis an important tool and can be used to ensure success of the ET cover. Plant growth and
water use are controlled by soil and air temperature, precipitation, solar radiation, wind,
humidity, disease, and insect attack; however, while these conditions can be planned for, they
can not be controlled by the designer or by construction practice. Other soil properties of the ET
landfill cover that are important to plant growth and water use are determined by design and
construction practices. After landfill cover completion, plant cover may be changed but soil
modification may be impractical. Therefore, good soil design and construction are of utmost
importarce to the success of the ET cover.

The U.S. Department of Agriculture (USDA) soil textural classification system was
developed for use in describing soils in which plants grow (SSSA, 1996 and Hillel, 1998). The
USDA system is now universally accepted within the USA. It should be used to describe soils
used in ET landfill covers because the effect of soils on plant growth is central to success.
Definitions of terms used in the USDA system are readily available in the glossary of terms
published by the Soil Science Society of America (SSSA, 1996), in Gee and Or (2002), and in
text books such as those written by Hillel (1980 or 1998).

By its very nature, construction of an ET landfill cover modifies the soil used to create the
cover. Hence, the construction process offers the opportunity to either (1) place the soil so that it
will perform better than before it was moved or (2) damage the soil and greatly reduce the
opportunity for success in meeting the requirements for the cover. It isimportant to understand
soil properties that control success and how they may be optimized during cover construction.

Agricultural interests amend existing soil properties to improve productivity; their experience
demonstrates the power of knowledge of soil properties ard the ability to control them Similar
control of soil propertiesis easily and economically achieved during ET landfill cover
construction at little or no added cost. Soils modified by deep plowing produce more plant
biomass, store more plant-available water in the soil profile than the native soil, and allow
increased rooting depth and root density (Taylor, 1967; and Unger, 1979). Moreover, plants use
water quickly and efficiently from soils modified by deep plowing, and the benefits of deep
plowing remain effective for decades (Unger, 1993; Musick et al., 1981; and Allen et al., 1995).

Both subsoil and minespoil have undesirable soil properties for plant production. However,
four field-scale soil covers built with subsoil or minespoil produced equivalent or better forage
production than undisturbed soil because they were properly modified during placement
(Chichester and Hauser, 1991; and Hauser and Chichester, 1989). The improvement in physical



and chemical properties of both soils during placement was important to success. Thereis
opportunity for similar improvement in soil during ET landfill cover design and construction.

The modification of soil properties during construction of a landfill cover may be more
complete and, thus, potentially more effective than deep plowing. Furthermore, the properties of
the soil used in an ET cover may be selected to achieve better results than reported for the
minespoil tests mentioned above. Control of ET cover soil properties has potentia to enhance
cover performance and should add little or nothing to construction cost.

1. Soil Properties

This discussion of soilsis limited to the properties that are most important to success of ET
landfill covers. Some of the most important properties are listed in Table E-1. Soil properties
are more fully described in numerous text books and reference materias, including SSSA
(1996), Hillel (1980 and 1998), Carter (1993), and the 10-volume SSSA book series.

Table E-1. Soil propertiesthat govern root and plant growth and areimportant to design and construction of
ET landfill covers.

Basic soil properties

Derived or secondary soil

Soil conditions/factors

properties affecting plant growth
Particle size distribution Soil Strength Temperature
Bulk density Water holding capacity Water content

clay mineral type

Field cap./Wilting point

Oxygen in soil air

pH

Hydraulic conductivity

Toxic substances

Total porosity Fertility Ammonia

Percentage large pores Available nutrient supply CO, from decaying OM
Soil salinity Tilth Methane

Soil sodium content Aniong/salinity Bacteria

Humus content Aeration properties/ Fungi

connection between pores

Soil Humus Content

Humus (often called soil organic matter) is an important component of soils (SSSA, 1996).
It is composed of organic compounds in soil exclusive of undecayed organic matter. Humusis
resistant to decay, provides significant cation exchange capacity in addition to that of clay
minerals, and improves soil structure. It is commonly believed that large amounts of humus are
required for best plant growth; thisis not true. Plants grow well in fertile soils that contain little
humus (such as soils of the Southern Great Plains and the irrigated deserts of the 11 western
states). Manure, compost, and grass clippings are organic matter or materials, but they are not
humus. The addition of organic material to soil to improve its properties usually improves soil
tilth and fertility, temporarily; but it may not be worth the expense in alandfill cover because
most of the added material oxidizes and disappearsin afew months or years after which soil
properties revert to those of the original soil material.
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Harmful Constituentsin Soil

Landfill cover soils should be free of harmful amounts of manmade chemicals, oil, and
natural salts. The salts of calcium, magnesium, and sodium occur naturally and can create high
salinity in the soil solution. Soil salts may raise the osmotic potential of the soil solution high
enough to prevent plants from using all of the soil water. In addition to its contribution to soil
salinity, sodium can cause deflocculation (i.e., dispersion) of clay particles, thereby causing poor
soil tilth.

Soil-Water Holding Properties

The water holding properties of ET cover soils are important to success. Soils that hold
much water will achieve the desired water control with athinner layer of soil than those with low
water holding capacity. The water holding properties should be expressed as volumetric water
content to make estimates of required cover thickness easier to understand. Important water
holding properties include the permanent wilting point, field capacity and plant-available water
content; they are defined by the Soil Science Society of America (SSSA, 1996) and quoted
below.

- Permanent wilting point: “The largest water content of a soil at which indicator plants,
growing in that soil, wilt and fail to recover when placed in a humid chamber. Often
estimated by the water content at -1.5 MPa soil matric potential.”

- Field capacity: “The content of water on a mass or volume basis, remaining in asoil 2 or 3
days after having been wetted with water and after free drainage is negligible.”

- Available water: “The amount of water released between in situ field capacity and the
permanent wilting point (usually estimated by water content at soil matric potential of -1.5
MPa). It isnot the portion of water that can be absorbed by plant roots, which is plant
specific.”

While the definitions shown above are scientifically correct, it isimpossible to apply these
definitions exactly to engineering design of areal cover. However, there are approximations that
are sufficiently accurate for good engineering design.

The permanent wilting point is commonly called wilting point and may be estimated from
|aboratory measurements of soil properties on a pressure plate or similar device. A satisfactory
estimate of the wilting point is the laboratory measured water content at -1.5 MPa (-15
atmospheres) pressure. It isimportant that the soil sample represent the soil to be placed the
field.

A satisfactory estimate of field capacity is the laboratory measured water content at -0.03
MPa (-0.3 atmospheres) pressure. The estimate at -0.03 MPa is more conservative for ET
landfill cover design than the -0.01 MPavalue that is sometimes suggested.

The available water definition above states that this value is plant specific. In addition, the
wilting point soil-water content is low where potential ET (PET) islow and high where PET is
high; thus PET may affect available water content. However, for ET landfill cover design, the
plants that are usually selected will have similar ability to remove water from the soil. A
satisfactory approximation to “ plant-available-water-capacity” (AWC) is the difference between
field capacity and wilting point.



Sail Tilth

Soail tilth is “The physical condition of soil as related to its ease of tillage, fitness as a
seedbed, and its impedance to seedling emergence and root penetration.” (SSSA, 1996). Good
soil tilth significantly improves plant growth; it is controlled by particle size distribution, water
content, aggregation of soil particles, and soil bulk density. Unfortunately there are no
guantitative measures for soil tilth. However, bulk density, particle size distribution and water
content are easily measured and optimum values of each are known.

Soil Bulk Density

The road and building construction industry expresses soil compaction as “ percent of
standard Proctor”. The “standard Proctor” density is specific to a single soil sample and
specified water content. The “standard Proctor density evaluates the potential soil strength and
other structural properties that may be achieved with given soil materials. It isauseful
measurement for road and dam construction and other building activities. The goad is high soil
strength. However, in an ET landfill cover, the soil must be weak in a successful soil cover.

The Science Society of America (SSSA, 1996) defines bulk density as. “ The mass of dry soil
per unit bulk volume. The value is expressed as Mg per cubic meter, Mg m>.” For ET landfill
covers, the bulk density should be measured in the field with standard methods, reported, and
interpreted as soil bulk density in Mg mi® or as the numerically equivalent gm/cnt. Soil density
is easily controlled in the field by controlling both soil-water content and limiting soil
compaction during placement.

Soil Strength Properties

Soil strength is an important physical factor in soils supporting plant growth because
excessive strength can reduce or stop root growth (Rendig and Taylor, 1989) and limitations on
root growth limit the amount of water removed from the soil. Soil strength is controlled by
several factorsincluding bulk density, particle size distribution, and water content. It ispossible
to control soil bulk density in an ET landfill cover during construction, and if it is controlled
within a desirable range, the resulting soil strength is usually satisfactory.

In most soils, plant root growth is reduced when soil bulk density exceeds 1.5 Mg mi®, but
values above 1.7 Mg ni® may effectively prevent root growth (Eavis, 1972; Monteith and
Banath, 1965; Taylor et a., 1966; Jones, 1983; Timlin et al., 1998; and Gameda et al., 1985).
Particle size distribution in the soil combines with soil bulk density to control root growth.
Roots usually grow better in sandy soils than in clay at the same density. However, the low
water-holding capacity of sandy soils discourages their use in ET landfill covers.

Jones (1983) demonstrated that plant root growth is reduced at soil bulk density greater than
1.5 Mg m for most soils, and reduced to less than 0.2 optimum root growth for al soils
containing more than 30 percent silt plus clay and having bulk density greater than 1.6 Mgm®.
Grossman et a., (1992) summarized 18 laboratory studies and found that root growth was only
0.2 of optimum for soil bulk density greater then 1.45 Mg m except for three soils in which root
growth was restricted at soil bulk density of 1.3 Mgmi®. In addition to inhibiting root growth,
high values of soil bulk density result in low soil- water-holding capacity because pore space is
reduced in compacted, dense soils. Compacted soils have few large pore spaces, thus limiting
soil air movement and oxygen diffusion to roots.

Because of the risk of settlement, a minimum bulk density should be established. However,
because of the nature of an ET landfill cover, settlement less than 5 percent of the cover



thickness is unlikely to create problems. For many soils a minimum bulk density of 1.1 Mgm3,
or less, should produce substantially less than 5 percent cover soil settlement. During cover
construction, the principle threat to cover properties is high soil density and not settlement. The
soil bulk density should be controlled to values between 1.1 and 1.5 Mg m® during construction
of ET landfill covers.

Soil Aeration Properties

Air-filled porosity in the soil is important because each root requires oxygen and because
during rain or irrigation, these pores become channels for water and air to move rapidly through
the soil. Soil pore space includes a range of sizes from extremely small to very large. Small
pores contribute little to the movement of air, but much of the water is stored in small pores. In
an optimal soil structure, large and small pores are connected so that water and air may move
freely and there is a desirable distribution of pore size. Sandy soils tend to have large pore
spaces and be well aerated. Clay soils often contain more total pore space than sandy soils, but
most of the pores may be small. Excess compaction removes most large pores from soils, thus
limiting air and oxygen exchange from the atmosphere to the soil air.

Total pore space and soil bulk density are inversely related as illustrated in the following
equation;

Porosity = 1.0 - (soil bulk density/particle density)

[Particle density may be assumed = 2.65 for most soils (Hillel, 1980)]

Dense soils have little pore space and low density soils have higher porosity.

2. Plant Responseto Soil Properties

Understanding of important plant requirements is critical to correct selection of materials,
design and congtruction of the soil layer in an ET landfill cover. The success of an ET cover is
ensured by optimizing all factors controlling plant growth except for soil-water supply. The goal
is to make soil-water content a limiting factor to plant growth several times during each normal
growing season. The soil-water reservoir should be empty or nearly so at the beginning of
severe or critical events that stress the capacity of the cover to control precipitation. This section
summarizes important soil properties that affect plant growth, which in this case emphasizes
plant roots, their function, and relation to the soil.

Plant Roots: Water removal from the cover soil is controlled by plant roots, so it is
necessary to understand the role of roots in the system and their requirements. Rendig and
Taylor (1989) state that plant roots serve many complex functions, including the following:

Roots provide the plant with water and nutrients absorbed simultaneously from deep and

shalow soil layers, from moist and partially dry soil, and from soil zones of different

biological, chemical, and physical properties

- Roots provide anchorage for the plant

- Roots and shoots are interdependent. |If the top of a plant is pruned to reduce biomass, there
isusually areduction of root mass

- Parts of the root system, particularly small feeder roots, die in response to soil drying or other
stresses in a particular layer, while, at the same time, new roots may be growing rapidly in
another soil layer. Thus, the distribution of actively growing and functioning roots may
change from upper to lower and back to upper soil layers during one growing season

Under optimum conditions, some plant roots may grow 2 cm (0.8 inches) per day; however,
for most of the time, limiting factors reduce the rate of root growth below the optimum for the



plant in question. Root growth limitations reduce the ability of the plant to extract water and
plant nutrients from the soil. Rendig and Taylor (1989) discuss factors that may limit root
grovvth including the following:

High soil strength and related physical factors, controlled by:

o0 Soil density

0 Particle size distribution

o Soil-water content

Unsatisfactory soil pH (note: low pH may be corrected during construction)

Soil temperature either too high or too low

Salinity of the soil solution (caused by excess Ca, Mg, Na, and other salts)

Lack of soil oxygen

Air-filled porosity in the soil

Chemical toxicity (e.g., pH, Al, Be, Cd, Pb, Cu, Cr, Fe, Hg, Zn,

NHs, B, and Se) Live Root Mass

Allelopathic toxicants 0

Root Growth and Distribution: The mass and distribution of
living plant roots in soil controls the drying of each soil layer. Depth
Figure E-1 illustrates possible root distribution patterns.  When all
soil layers are adequately wetted, roots often develop as shown for
condition 1; the majority of the roots are near the surface. However,
as the soil dries from the surface downward later in the season the
rooting pattern may shift to the condition shown by 2. During and
after drought, most of the active roots will be found deep in the soil
profile. Many plant roots die but later regenerate in a given soil

layer in response to changes in resources and conditions in each soil Figure E-1. Root distribution in
layer (Camp et al., 1996; Stewart and Nielsen, 1990; and Merva, responseto soil water.
1995).

It isvital that soil conditions allow rapid growth of new rootsin Live Root Mass
order for the plant cover to remove the stored soil water quickly 0
after a storm.  Under favorable corditions, root axes may grow 2
cm/day and root laterals may grow 0.5 cm/day; however, some
investigators report growth rates up to 6 cm/day (Russell, 1977). Depth
Adverse soil density is a maor controller of root growth rate and l

Native Soil

potential depth of rooting. Many native soils contain layers of high
density that limit rate and depth of root growth. However, if the
soil is correctly placed in the ET landfill cover, density can be
removed as a limitation and good tilth established in the soil.
Figure E-2 illustrates the difference in live root mass that may result

between a native soil with high density layers and that in a correctly J

: ET Cover
I soil
1

!
!
!

placed ET cover using the same soil placed to achieve optimum soil
density. Deep rooting and good soil tilth alow rapid and complete
removal of water stored in the cover soil.

Most native grasses or associated species have the potential to root to depths greater than
eight feet. At many natural Sites, soil characteristics—rather than the plant potential—Ilimit the

Figure E-2. Root distribution in
responseto soil tilth & density.
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rooting depth. It is inexpensive to optimize soil physical properties during ET cover
construction. The soil conditions for root growth should be optimized throughout the full depth
of the cover at al vegetative landfill cover sites to allow root growth to the bottom of the cover
soil.

3. The Physics of Soil-Water Movement

The physics of water movement within the soil is important to an understanding of the
principles that govern the performance of a vegetative landfill cover. The modern understanding
of water movement in unsaturated soils has been under development for about 150 years, and the
development of new concepts continues in the modern era. Henri Darcy (1856) provided the
earliest known quantitative description of water flow in porous mediums. Darcy developed an
equation for water flow in saturated sand, and modern equations for both saturated and
unsaturated flow are based on his early work.

Water held in soils supporting plants, except phreatophytes, exists at negative pressure.
Saturated soils have zero or positive water pressure. Most plants can survive saturated soils for
very short time periods (consider flooded soils). The negative pressure may be less than minus
30 atmospheresin soil. The water held in plants also is held at negative pressure and plant water
pressure may be below minus 40 atmospheres. In order for plants to extract water and the
associated nutrients from soil, they must exert a more negative pressure at the root/soil interface
than exists in the soil in which they grow. Plants grow best when plant and soil- water pressures
are relatively near zero but still negative. At this condition, large soil pores are filled with air but
water is readily available to plant roots at peak rates. The physics of water movement in the
unsaturated soil of an ET landfill cover is very different from that below the water table where
pressures are positive.

It is necessary to understand water flow and soil hydraulic conductivity of unsaturated soil in
order to understand the function of an ET landfill cover. The soil hydraulic conductivity

] 1073 T T T T T 1073 T T T T
1074 Sand _
1075 | 7

1078+

1077+

Hydraulic conductivity
"Hydraulic conductivity

1078}

1 1 1 1
0.1 0.2 0.3 0.4 Q0.5
Water content, m?® m™3 Suction, m

10—90 1

Figure E-3. Hydraulic conductivity of sand and loam soil as a function of soil-
water content (left) and of soil-water potential (suction) on theright.

relationships differ greatly between soils; they depend on particle size distribution, soil structure,
and on other factors. Figure E-3 presents examples of measured hydraulic conductivity. Inthe
unsaturated soils of an ET landfill cover, hydraulic conductivity may vary over severa orders of
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magnitude. Furthermore, the relationship is different for soils that are increasing in water
content, as compared to that in soils that are drying.

Examination of the illustrative data in Figure E-3 reveals the mechanism that allows the ET
landfill cover to control water within the cover soil. The soil-water content, in the wetted soil
layers, drains to the field capacity quickly when rainfall ends. At field capacity (less than -0.3
atmospheres pressure or about 2 m of suction), the loam soil depicted will have hydraulic
conductivity (K) less than 107 cm/sec. The possible water movement downward in the il is
very small for such low values of K, and the K value decreases rapidly as the soil dries,

Figure E-3. Theoretically, and as measured in the field, soil water never stops moving; however,
the rate of movement is very small afew hours after precipitation ends. Therefore, for practical
purposes water is held in suspension within the soil beginning about two days after rainfall ends.

The currently- used equations for water flow in unsaturated soil are based on the assumption
that soils are similar to a bundle of capillary tubes and that water flow can be approximated by
the Hagen-Poiseuille equation (Marshall et al., 1996). Whileit is obvious that the pore space in
soil is not the same as a bundle of capillary tubes, the concept has proven highly useful and is
currently used in mathematical descriptions of water flow in soil.

The Richards equation: The foregoing discussion and the relationships illustrated in Figure
E-3 point out that theoretical estimation of water flow in unsaturated soils is difficult and
complex. An eguation known as the Richards equation is widely used in research to estimate
water flow in both saturated and unsaturated soils. It is also used in software proposed for use in
evaluation of ET landfill covers. The derivation of the equation commonly solved in modern
models required numerous assumptiors. Therefore, the Richards equation is an approximation;
however it provides good estimates of flow of liquid water where good estimates of soil
hydraulic conductivity are available. Estimates of unsaturated soil hydraulic conductivity for
small volumes of soil used in research are difficult. It is more difficult to make accurate
estimates of likely field values for afield or complete ET cover. Nevertheless, the Richards
equation is used in some models. Hillel (1980) provides this version of the equation:

fa _ 1 aKTag IK

—=—¢ -~ — The Richards equation
it YzeClzg 1z

Where:

g = Volumetric soil-water content

t=Time

z = Digtance

K = Hydraulic conductivity at soil-water content g

C=-1q/vy isdefined as the specific water capacity, and

y = Suction head

During landfill cover design, soil hydraulic conductivity relationships will be needed if the
Richards equation is used to estimate water flow in the finished landfill cover soil. The landfill
cover soil islikely to be a mixture of several layers of soil, thusits hydraulic conductivity
characteristics must be estimated. Cost constraints and uncertainty about whether laboratory
measurements represent the finished soil may make it necessary to estimate the soil hydraulic
conductivity relationship rather than measure it. Numerous authors have developed methods for
estimating the hydraulic conductivity functions from ssmpler and more easily measured soil
parameters. For example, Savabi (2001) employed methods described by 12 different authors to



estimate soil hydraulic conductivity in his model evaluation of the hydrology of aregion in
Florida. Van Genuchten et al., (1991), Zhang and van Genuchten (1994), and Othmer et al.,
(1991) each developed computer code to estimate hydraulic functions for unsaturated soils.

4. Soil Volume and Cover Depth

After the decision is made to design an ET cover, the first step should be careful inventory of
soils available for use in the cover to determine their properties, volume available, distance from
the Site to the soil resource, and to estimate cost for acquisitionand hauling to the site. At this
stage the designer should make a preliminary estimate of the performance of a cover utilizing
available soil and determine whether it is appropriate to continue with design of an ET cover for
the site. After determining that an ET cover is appropriate, followed by complete soil evaluation
it is then possible to design an effective ET landfill cover.

Descriptions that are suitable for initial analysis of soils found near the site are available from
official soil surveys of the U.S. Department of Agriculture, Natural Resource Conservation
Service (USDA/NRCYS) (available at county or state offices). The Land Grant Universities are
also a source of soil datafor their respective state. The USDA/NRCS soil surveys include agerial
photos of each county with individual soil units marked for reference to the data contained in
their tables. The user should collect information on the soils that are available within a
reasonable haul distance of the landfill site. After the initial evaluation, the user should sample
and evaluate the soil in the proposed borrow source.

The following discussion illustrates the use of USDA soil data during planning. Table
E-2a-c, contains data abstracted from a USDA/NRCS soil survey for a site on the western edge
of the central Great Plains and calculations from those data. Table E-2a contains the raw data
copied from the survey. Table E-2b contains the user summary of that data and Table E-2c
contains ET landfill cover design data derived from the soil survey data.

The original data (Table E-2a) did not contain field capacity and wilting point estimates,
therefore, they were estimated independently to agree with the reported available water holding
capacity and the pore space calculated from the measured bulk density. Note that the sum of
sand gilt and clay in Tables E-2b and c is 100 percent because the coarse material was removed
before analyzing the “soil” at the site. The soil contained about 2.5 percent coarse materia that
does not contribute to water holding properties; therefore, during model evaluation the available
water holding capacity of the soil was reduced appropriately.

Similar soil data should be collected for other series that are available near the landfill site.
The thickness of soil that may be used for each soil resource will vary with soil properties at the
site.



Table E-2a. Data available from the soil survey by the USDA, Natural Resour ces Conservation Service, for
Evanston Loam, map unit 131, Wyoming.

Evanston |loam soil Depth, inches

Soil Survey Data 0-3 3-15 15-60
USDA Class Loam Loam Loam
Unified Class CL-ML CL CL
Clay, % 15-27 18-35 18-27
% pass, #200 sieve 50-70 55-70 50-65
% pass, #10 sieve 95-100 95-100 95-100
% pass, #4 sieve 95-100 100 100
Bulk Density, Mg/nv 1.25-1.35 |[1.3-14 [1.3-14
K, in/hr 0.6-2.0 0.6-2.0 0.6-2.0
AWC', cm/cm 0.15-0.18 |0.16-0.19 | 0.15-0.17
pH 6.6-7.8 7.4-7.8 7.4-8.4
Soil organic Matter, % 2-4 1-3 051
CEC*, meg/100 g 9-16 11-25 10-16
CaCQOs, % -- -- 3-5
Salinity, mmhos/cm -- 0-2 0-2

Table E-2b. Summary of soil survey data for usein design.
Evanston loam soil Depth, inches
0-3 3-15 | 15-60

Sand/gravel®, % 2.5 2.5 2.5

Sand, % 40 38 43

Silt, % 39 36 35

Clay, % 21 26 22

Bulk Density, Mg/nt 1.3 1.4 1.4

AWC', cm/cm 016 |0.17 0.6

pH 7.0 7.6 7.6

Soil organic Matter, % 3 2 0.8

CEC?, mey100 g 12 18 13

Table E-2c. Design data derived from a mixture of soil layers by using weighted averages from datain Table
E-2b, 0— 60 inch depth.

Evanston loam mixture AWC", cm/cm 0.16
Sand/gravel®, % 25 Wilting Point, cm/cm 0.16
Sand % 42 Field Capacity, cm/cm 0.32
Silt % 35 CEC?, meg/100 g 14
Clay % 23 pH 7.6
Bulk Density, Mg/nT 1.4 Soil organic matter % 1.1

wN B

. AWC = available water holding capacity, cm/cm
. CEC = Cation exchange capacity, meg/100 g
. Sand/gravel = Coarse sand, gravel and rocks >2mm in size
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Natural soils are usually composed of layers whose material properties vary substantialy,
Table E-2a. However, these diverse properties often result in superior soils after the layers are
completely mixed and placed in an acceptable manner. If the ET landfill cover design is based
on mixtures of two or more soil layers, it isimportant to clearly define the mixture and to know
its properties. During construction, the soil should be adequately mixed to achieve the properties
required in the design. Adequate mixing may be achieved by wheel loaders or machines similar
to trenching machines that cut a uniform volume of soil from each layer in each rotation of the
wheel. Other machines should achieve an equal amount of mixing and assure adequate mixing
of the soil material.

Table E-3 contains design soil data derived for five soils near asite. The soils were
described by the soil texture name associated with the original soil data. The texture name was
derived from the surface soil layer and does not represent the entire profile used. Theloam 1 and
st loam soils have adequate water holding capacity for usein an ET landfill cover. Both the
gravely loam and loam 2 have low water holding capacity and are unsuitable. The silty clay
loam is unsuitable because the soil salinity as expressed by the conductivity is too high.

Table E-3. Design soil data derived from a mixture of soil layers, in the 0-60-inch depth. The texture name
for each soil was derived from the surface soil layer of the native soil.

Silt Gravely Silty Clay

Soil Property Loaml | Loam Loam | Loam?2 Loam
Sand, % 42 22 81 74 7
Silt, % 35 56 6 14 64
Clay, % 23 22 13 12 29
AWC', cm/cm 0.16 0.20 0.07 0.08 0.16
CEC?, meq/100g 14 10 8 8 13
pH 7.6 7.9 7.8 7.5 85
Sand/gravel®, % 2.5 25 50 25 0
Conductivity”, mmhos/cm | 0-2 0-2 0-2 0-2 4-8

1. AWC = avallable water holding capacity, cm/cm

2. CEC = Cation exchange capacity, meg/100 g

3. Sand/gravel = Coarse sand, gravel and rocks >2mm in size
4. Conductivity = Electrical conductivity

A model evaluation of the soils at the site produced an estimate of the daily water balance
and deep percolation for each day of the 100- year period modeled. The model evaluation
revealed that no water moved below a 2-foot thick cover of the loam soil during the 100-year
model period. It also revealed that no water moved below the 1.5-foot thick cover using the silt
loam soil during the 100-year modeling period.

The designer may use the required soil thickness estimated by model evaluation, and the
surface area of the landfill, to estimate the volume of soil required for an ET landfill cover.
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Appendix F

| mportant Plant Parametersfor Design of ET Covers

Estimating the performance of plants on an ET landfill cover requires a daily estimate of
plant growth, maturity, dormancy, ground cover, above ground biomass, below ground biomass
water demand, actual water use and other parameters. In addition, the amount of bare soil
exposed between plants must be estimated from the plant parameters on a daily basis to permit
accurate estimates of evaporation from soil.

Some plant parameters are similar, but others differ substantially between species. The
following list identifies several plant parameters that are important to design and performance of
ET covers.

- Plant dengity

- Potentia heat units (or asimilar system to define stage of plant growth and when the plant achieves
maturity, becomes dormant or dies)

- Potentia heat units for plant emergence or beginning of growth for perennia plants.

- Biomass-energy ratio

- Biomass-energy ratio decline rate parameter

- Optimal temperature for plant growth

- Minimum temperature for plant growth

- Maximum potential |eaf-area-index

- Leaf-area-index decline rate parameter

- Fraction of growing season when leaf area begins to decline

- At least two points on the leaf area development curve.

- Aluminum tolerance (assesses plant growth response to soil pH)

- Maximum stomatal conductance (for use in Penman and Penman-Monteith methods for estimating
potential ET)

- Critical soil aeration factor

- Seeding rate (for annual plants)

- Maximum crop height

- Maximum root depth

- Root distribution function

. CO? concentration

- Soil nitrogen uptake parameters at emergence or initiation of growth, 0.5 x maturity, and at maturity.

- Soil phosphorus uptake parameters at emergence or initiation of growth, 0.5x maturity, and at
maturity.

- Crop category (annual, bi-annual, perennial, sod, bunch grass, etc.)

- At least two points on the frost damage curve

- Relationship between vapor pressure deficit and biomass-energy ratio

- Ratio of root weight to biomass at emergence

- Ratio of root weight to biomass at maturity

- At least two points on the plant population curve

- Relation between soil-water content and plant growth

- Relation between soil temperature and root growth

- Relation between soil density and root growth

F-1



F-2



Appendix G

M easur ed data from Bushland, T exas

The following tables contain measured data from Bushland, Texas, that were available for
use in model evaluation.

Table G-1. Propertiesof the soil in the lysimetersand surrounding field - Bushland, Texas.

Soil properties measured by Unger and Pringle (1981) from a site less than %2 miles from the
lysimeter. Water holding properties are from field measurements in the soil surrounding the
lysimeter (Musick, J. T. et al., 1994).

Layer 1 2 3 4 5 6 7 8 9 10
Depth to bottom of layer, m 0.01]0.15( 0.3|1045|0.75(1.15| 1.5 1.8 21 23
Bulk density, Mg/m® 13| 13| 15| 15| 16| 16| 1.7 15| 15| 1.5
Wilting point, viv 0.12|0.12| 0.14|0.17| 0.2| 0.2| 0.2]|0.21]|0.22( 0.22
Field Capacity, viv 0.37|0.37| 036|036 0.34| 0.3|0.31|0.28|0.28( 0.28
Sand, % 17 17 15 13 13 15 19 42 42 42
Silt, % 53 53 46 39 40 41 37 21 21 21
pH 6.7| 6.7 6.7| 68| 7.2 76| 7.7 7.7 T7.7| 7.7
Organic carbon, % (O.M./1.72* | 1.2| 1.2|/0.75|0.75| 0.55| 0.44 | 0.23| 0.2| 0.09 | 0.09
CaCOg3, % 0.2| 0.2 04| 05| 35 3 3| 45| 25| 13
C.E. C.b, cmol/kg 18.4| 18.4 20 20 24 21 17 10 10 10
Coarse frag., (rock > 2 mm), % 0.6| 03| 0.3

& 0.M. = organic matter
b C. E. C. = cation exchange capacity

G-1



Table G-2. Model testing data- Bushland, Texas.

Parameter Alfalfa Corn
Years 1996 - 1997 1989 - 1999
Elevation, m (feet) 1164 (3840) 1164 (3840)
Latitude 35.2°N 35.2°N
lysimeter - type Weighing/recording Weighing/recording
soil Undisturbed monolith Undisturbed monolith

dimension (I x w x d, m)

3x3x2.3

3x3x2.3

surface area nt (ha)

9 (0.001)

9 (0.001)

surface slope (%)

0

0

bottom suction

40in. = gprx. 0.1 atm

40in. = aprx. 0.1 atm.

precision 0.045 mm 0.045 mm

Sail type Pullman clay loam Pullman clay loam

Wet soil albedo 0.15 0.15

Field capacity* (mm) 718 718

Wilting point* (mm) 448 448

Available water capacity™? (mm) 270 270

Initial soil-water content (mm) 711 546

Soil hydrologic group D D

Crop Alfdfa Corn

Plant type Perennial legume Warm season, annual
grass

Plant population (plants/nf) 200 6

Maximum |eaf-area-index 5 6

Maximum crop height (m) 1.25 2

Maximum root deptt® (m) 2.3 2.3

Irrigated + precipitation Yes Yes

1 Field capacity, wilting point, and available water content are given for entire profile. Field capacity and wilting
point for individual layers are in the Bushland soil datatable.

2 Available water content = field capacity — wilting point
3 Maximum root depth controlled by lysimeter soil depth.
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Table G-3. Average monthly climate data - Bushland, Texas

The long-term averages in this Table were calculated from the 59-year record at the station headquarters of the Conservation and
Production Research Laboratory, about % miles from the lysimeter location. The exception is solar radiation, for which there was a
15-year record at station headquarters. The daily rainfall record is complete; however, temperature records were missing for 3
observations. The missing temperature records were smulated by the program WXGEN (from: J. R. Williams, Texas Agricultural
Experiment Station, Temple, Texas).

Parameter JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC YR
Maximum Temperature, C° 9.62 12.17 | 16.67 21.70 25.97 30.74 32.49 31.50 27.88 22.64 15.39 | 10.77 21.46
Minimum Temperature, C° -6.46 -4.34 -1.09 4.06 9.55 14.84 17.15 16.40 12.16 5.80 -0.91 -4.98 5.18
St. Dev. Max. Temperature 7.85 7.84 7.28 6.39 5.49 4.70 3.40 3.65 5.34 6.03 6.96 7.47
St. Dev. Min. Temperature 5.38 5.04 4.70 4.27 3.71 3.05 2.29 1.98 3.85 4.23 4.54 4.86
Precipitation (mm) 12.8 12.8 19.5 27.7 67.5 75.2 67.7 715 48.7 38.5 185 15.3 475.7
St. Dev. Precipitation 6.28 4.71 6.89 7.97 12.18 12.93 12.64 12.19 13.79 12.30 8.62 7.88
Skew Factor Precipitation 3.75 2.41 2.85 2.44 2.67 2.43 2.45 1.87 3.36 2.54 4.33 4.04

Probability Wet Day After Dry 0.074 0.091 | 0.094 0.115 0.181 0.216 0.175 0.188 0.144 0.094 0.075 | 0.074
Probability Wet Day After Wet | 0.297 0.335 | 0.336 0.361 0.418 0.354 0.381 0.344 0.360 0.403 0.350 | 0.354

Days Precipitation 2.97 3.39 3.83 4.56 7.37 7.53 6.85 6.90 5,51 4.20 3.10 3.20 59.41
Solar Radiation (MJ/m?) 11.0 13.5 18.5 22.5 241 26.0 26.2 225 19.4 15.8 11.6 9.7 18.4
Relative Humidity, fraction 0.55 0.53 0.43 0.43 0.51 0.51 0.51 0.54 0.54 0.52 0.50 0.53 0.51
Wind, m/s 5.61 5.81 6.52 6.33 6.17 6.24 5.35 5.08 5.40 5.35 5.30 5.47 572
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Table G-4. Daily Climate Data, formatted for EPIC — Bushland, Texas, 1989-1990 Alfalfa, data
from weather pen at lysimeter site

10m

Year Mon Day Rad Tmax Tmin Prcp Rhum Wind
MI/m?  C C mm frac m/s

1989 4 10 23. 7.6 -3.8 0.00 0.66 5.59
1989 4 11 14, 13.9 -2.9 0.00 0.48 8.19
1989 4 12 6. 8.4 1.1 2.29 0.67 5.85
1989 4 13 12. 10.6 2.5 11.94 0.87 4.16
1989 4 14 26. 23.5 2.1 0.00 0.55 4.29
1989 4 15 25. 26.9 5.1 0.00 0.46 5.46
1989 4 16 25. 30.3 9.6 0.00 0.24 5.72
1989 4 17 24. 20.8 11.5 0.00 0.37 6.24
1989 4 18 26. 22.5 8.0 0.00 0.48 7.28
1989 4 19 25. 26.0 5.2 0.00 0.52 4.94
1989 4 20 24, 32.4 11.6 0.00 0.49 6.89
1989 4 21 25. 33.2 13.1 0.00 0.44 6.63
1989 4 22 20. 34.5 14.3 0.00 0.28 5.59
1989 4 23 23. 33.6 12.9 0.00 0.23 6.50
1989 4 24 19. 32.3 14.5 0.00 0.33 6.89
1989 4 25 24, 31.2 9.6 0.00 0.31 6.76
1989 4 26 27. 31.5 5.9 0.00 0.19 6.76
1989 4 27 28. 24.3 6.1 0.00 0.20 7.67
1989 4 28 28. 24.0 5.3 0.00 0.32 5.46
1989 4 29 28. 17.5 4.6 0.00 0.48 8.06
1989 4 30 20. 20.2 3.7 1.02 0.55 6.11
1989 5 1 24, 16.2 3.0 0.00 0.68 6.11
1989 5 2 22. 25.0 7.6 0.00 0.48 7.02
1989 5 3 14. 20.2 7.9 1.27 0.80 5.85
1989 5 4 21. 25.4 5.4 5.08 0.75 5.98
1989 5 5 29. 23.9 4.5 0.00 0.51 3.77
1989 5 6 22. 24.0 8.2 0.00 0.49 5.59
1989 5 7 29. 31.7 10.4 0.00 0.52 5.07
1989 5 8 27. 32.7 12.4 0.00 0.39 5.59
1989 5 9 26. 22.4 13.9 0.00 0.48 8.84
1989 5 10 25. 22.3 10.8 0.00 0.44 6.76
1989 5 11 9. 17.4 10.1 0.00 0.80 9.36
1989 5 12 20. 17.2 9.4 12.70 0.87 7.80
1989 5 13 28. 23.6 10.8 0.00 0.66 5.20
1989 5 14 18. 21.1 10.9 O0.00 0.80 6.63
1989 5 15 13. 21.1 11.6 0.25 0.82 6.37
1989 5 16 8. 20.0 11.5 53.09 0.94 8.58
1989 5 17 15. 18.2 7.6 21.34 0.90 6.89
1989 5 18 28. 24.3 9.0 2.29 0.70 6.89
1989 5 19 30. 30.8 11.9 0.00 0.52 5.46
1989 5 20 24. 26.0 16.0 0.00 0.76 5.98
1989 5 21 19. 32.7 16.2 0.00 0.53 7.67
1989 5 22 30. 29.3 14.9 0.00 0.62 6.37

El ectroni ¢ dat abase conti nues.. ..
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Table G-5. Daily Climate Data, Formatted for EPIC -- Bushland, Texas, 1995-1997 alfalfa, data
from weather pen at lysimeter site

10 m

Year Mon Day Rad Tmax Tmin Prcp Rhum Wind
MJ/m? C C mm frac ml/s

1995 9 13 25. 30.3 13.2 0.00 0.52 3.05
1995 9 14 16. 27.5 13.5 0.00 0.59 3.60
1995 9 15 5. 18.1 15.8 9.40 0.93 2.50
1995 9 16 22. 28.9 15.6 0.00 0.73 2.37
1995 9 17 12. 25.6 17.7 2.90 0.85 4.37
1995 9 18 17. 27.7 16.6 27.10 0.83 6.07
1995 9 19 10. 18.6 12.1 0.00 0.84 6.03
1995 9 20 17. 22.9 10.6 0.00 0.84 6.41
1995 9 21 3. 15.8 1.6 9.30 0.94 9.39
1995 9 22 17. 12.5 2.9 0.00 0.71 5.03
1995 9 23 23. 25.1 4.0 0.00 0.72 6.70
1995 9 24 8. 14.1 8.8 5.30 0.89 4.99
1995 9 25 18. 19.7 8.0 5.30 0.81 3.04
1995 9 26 15. 24.0 10.5 0.00 0.83 5.71
1995 9 27 22. 31.2 11.9 0.00 0.63 3.74
1995 9 28 19. 32.3 12.1 0.00 0.58 6.10
1995 9 29 22. 28.3 14.0 0.00 0.64 7.31
1995 9 30 22. 21,9 12.3 0.00 0.56 5.17
1995 10 1 22. 23.8 5.6 0.00 0.61 4.82
1995 10 2 16. 18.5 9.2 21.90 0.83 4.24
1995 10 3 16. 20.9 7.6 0.00 0.76 4.38
1995 10 4 22. 29.3 9.4 0.00 0.55 8.84
1995 10 5 22. 19.5 5.3 0.00 0.47 5.92
1995 10 6 21. 17.7 3.6 0.00 0.51 4.52
1995 10 7 21. 24.2 2.5 0.00 0.59 6.92
1995 10 8 21. 26.7 9.5 0.00 0.47 5.42
1995 10 9 20. 25.4 6.6 0.00 0.62 2.69
1995 10 10 20. 22.2 8.4 0.00 0.72 4.50
1995 10 11 20. 27.6 9.9 0.00 0.62 2.82
1995 10 12 20. 28.7 8.5 0.00 0.44 7.25
1995 10 13 19. 16.3 3.3 0.00 0.40 7.72
1995 10 14 20. 22.1 2.1 0.00 0.45 3.51
1995 10 15 20. 28.1 3.9 0.00 0.46 2.51
1995 10 16 18. 27.8 6.6 0.00 0.43 5.98
1995 10 17 18. 26.8 8.7 0.00 0.36 4.88

Electronic database continues....
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Table G-6. Complete Alfalfalrrigation Data, Bushland, Texas

Irrigation Irrigation Irrigation
Year [Month | Day (mm) Year [Month | Day (mm) Year [Month | Day (mm)
1995 Sep 14 11.0 1996 Jun 24 17.6 1997 Aug 2 29.5
1995 Oct 17 14.2 1996 Jul 19 16.6 1997 Aug 4 25.8
1995 Oct 20 14.8 1996 Jul 22 20.7 1997 Aug 18 20.7
1995 Oct 26 14.0 1996 Jul 29 26.6 1997 Aug 20 16.6
1995 Nov 13 14.2 1996 Aug 2 19.3 1997 Aug 30 33.1
1995 Nov 20 12.3 1996 Aug 5 27.5 1997 Sep 1 16.3
1995 Nov 30 13.0 1996 Aug 7 26.4 1997 Sep 3 39.3
1995 Dec 14 13.8 1996 Aug 22 19.1 1997 Sep 8 17.3
1996 Feb 22 13.0 1996 Aug 23 19.8. 1997 Sep 10 23.4
1996 Feb 26 15.0 1996 Sep 4 44.4 1997 Sep 12 16.2
1996 Mar 11 17.7 1996 Sep 23 19.5 1997 Sep 15 15.5
1996 Mar 14 17.2 1996 Sep 30 15.3 1997 Sep 16 18.9
1996 Mar 22 18.7 1996 Oct 16 16.4 1997 Sep 18 14.9
1996 Apr 2 22.3 1996 Oct 24 39.5 1997 Oct 7 33.4
1996 Apr 8 17.2 1996 Nov 20 35.5
1996 Apr 10 17.3 1997 Mar 13 13.6
1996 Apr 12 15.2 1997 Mar 19 24.1
1996 Apr 15 24.7 1997 Mar 25 22.8
1996 Apr 17 22.6 1997 Mar 31 24.7
1996 Apr 19 17.2 1997 Apr 7 12.1
1996 | Apr 22 244 1997 | Apr 17 26.0
1996 Apr 24 26.3 1997 Apr 21 25.5
1996 Apr 26 13.9 1997 May 8 26.4
1996 Apr 29 26.5 1997 May 12 17.1
1996 May 1 25.2 1997 May 16 18.3
1996 May 3 16.2 1997 May 20 19.4
1996 | May 3 28.2 1997 | May 23 21.7
1996 May 8 35.5 1997 May 27 25.1
1996 May 9 26.6 1997 Jun 25 35.8
1996 May 13 24.6 1997 Jun 27 16.8
1996 May 15 23.1 1997 Jun 30 25.6
1996 May 29 37.7 1997 Jul 2 25.5
1996 May 31 15.5 1997 Jul 5 25.0
1996 Jun 3 25.5 1997 Jul 7 16.9
1996 Jun 5 24.7 1997 Jul 9 16.5
1996 Jun 7 18.4 1997 Jul 10 13.7
1996 Jun 12 21.7 1997 Jul 14 28.0
1996 Jun 14 16.4 1997 Jul 16 13.1
1996 Jun 17 28.3 1997 Jul 17 275
1996 Jun 19 255 1997 Jul 28 31.3
1996 Jun 21 25.7 1997 Jul 30 28.2
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Table G-7. Complete Corn Irrigation Data, Bushland, Texas

Irrigation

Year |Month| Day (mm)
1989 Apr 27 22.8
1989 Apr 28 13.3
1989 May 6 11.7
1989 May 23 12

1989 Jun 27 17.4
1989 Jul 5 23.2
1989 Jul 7 29.1
1989 Jul 11 27.3
1989 Jul 18 25.7
1989 Jul 21 21.8
1989 Jul 25 14.7
1989 Aug 1 10.4
1989 Aug 4 20.1
1989 Aug 18 19.2
1989 Sep 5 13.7
1990 May 10 15.4
1990 May 11 20.5
1990 May 24 19.6
1990 Jun 8 21.7
1990 Jun 13 22.7
1990 Jun 20 19.4
1990 Jun 22 23.5

G-7

Irrigation
Year | Month |Day (mm)
1990 Jun 25 24.3
1990 Jun 27 21.7
1990 Jun 29 20.8
1990 Jul 2 11.0
1990 Jul 3 15.1
1990 Jul 5 12.9
1990 Jul 6 17.7
1990 Jul 9 19.2
1990 Jul 10 17.8
1990 Jul 12 24.5
1990 Jul 13 12.5
1990 Jul 17 24.2
1990 Jul 31 20.5
1990 Aug 2 17.5
1990 Aug 6 21.0
1990 Aug 9 18.0
1990 Aug 24 14.8
1990 Aug 28 20.9
1990 Aug 30 43.9
1990 Sep 4 17.1
1990 Sep 7 18.7
1990 Sep 10 20.0




Table G-8. Operations data, Alfalfa(1995-1998), Bushland, Texas

Pesticide and herbicide applications were not included in the operations table.

Year | Dayof | Calendar Operation Other notes
year date
1995 | 256 Sep 13 Plant alfalfa 24 |blacre
1996 | 142 May 21 Harvest
190 Jul 8 Harvest
228 Aug 15 Harvest
281 Oct 7 Harvest
1997 | 084 Mar 25 Fertilize 237 g 11-52-0
168 Jun 17 Harvest
203 Jul 22 Harvest
237 Aug 25 Harvest
273 Sep 30 Harvest
302 Oct 29 Fertilize 388 g 11-52-0

Table G-9. Operations data, Corn (1989-1990), Bushland, Texas

Y ear Day of | Calendar | Operation Other notes

year Date
1989 19 Jan 19 Fertilize 140 Ib/acre N fertilizer

75 Mar 16 | Tilled Shovel work
75 Mar 16 | Bedded

116 Apr26 | Planted lys. 7" spacing, by hand

122 May 2 Reseeded Damage by mice

151 May 31 | Cultivated

164 Jun 13 Cultivated

167 Jun 16 Thinned plants | To 10" spacing

172 Jun21 Cultivated

297 Oct 24 Harvest lys. Hand harvest

304 Oct31 | Harvested Broke over plants to match field
1990 3 Jan 3 Cultivated Moldboard simulation

113 Apr 23 | Cultivate Rototilled fertilize 140 |b/acre N

129 May9 | Planted 7" to 8” spacing, 6 plants/nt

150 May 30 | Cultivated

163 Jun 12 Cultivated

169 Jun 18 Cultivated

302 Oct29 | Harvest
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Appendix H

M easur ed data from Coshocton, Ohio

The following tables contain measured data from Coshocton, Ohio that were available
for use in model evaluation.

Tenlayer description of the soil in the lysimeter and surrounding watershed derived
from soil descriptions by Kelly et a., (1975), Harold and Dreibelbis, (1958), and Harrold
and Dreibelbis (1967). Information contained in the Soils-5 Database, (1993) was used
for reference, but not for primary description. There was some variability in soil
descriptions, possibly resulting from locationof soil profile examined. The values shown
generally follow the description of Kelly et al., (1975) who performed a soils
classification. The soil was classified in the Dekalb series.

Table H-1a. Properties of the soil in lysimeter Y101d and surrounding water shed, Coshocton, Ohio

Depth to bottom of layer, m 0.01|1010| 020]030| 041 (060|084 1.05]|130]| 2.44
Bulk density, Mg/m3 14 14 14 14 14 14 14 15 15 18
Wilting point, v/iv 0.08 | 0.08 | 0.08 | 0.08 | 0.10 | 0.07 | 0.10 | 0.10 | 0.10 | 0.07
Field capacity, viv 0.31]0.31| 0.28 | 0.27 | 0.27 | 0.27 [ 0.27 | 0.24 | 0.20 | 0.18
Sand, % 30 30 30 27 48 48 45 71 71 76
Silt, % 52 52 52 52 37 37 36 16 16 13
pH 60| 60| 60| 60| 60| 60| 60| 60| 6.0 5.0

Organic carbon, % (O.M./1.72)% 1.8 1.8 181035035 |035|0.11( 0.08| 0.08 0.04

CACO**3, %

C.E.C" cmol/kg 11 11 11| 76 7.1 7.1 7.1 7.1 7.1 19

Coarse fragments (rock>2 mm)% 10 10 10 10 10 40 40 40 40 | rock®

#0.M. = Organic matter
b C.E.C. = Cation exchange capacity
¢ Sandstone rock
Kédly, G. E., W. M. Edwards, L. L. Harold and J. L. McGuinness. 1975. Soils of the

North Appalachian Experimental Watershed. USDA, Washington, D. C., Misc. Pub.
1296

Harrold, L. L., and F. R. Dreibelbis. 1958. Evaluation of agricultural hydrology by
monolith lysimeters, 1944-55. USDA, Tech. Bul. 1179, 166 pp.

Harrold, L. L. and F. R. Dreibelbvis. 1967. Evaluation of agricultural hydrology by
monolith lysimeters, 1956-62.USDA, Tech. Bul. 1367, 123 pp.

SCS Soils-5, 1993. Database USDA from Earthinfo, Inc., 5541 Centra Avenue,
Boulder, CO 80301
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Table H-1b. Descriptions of the soil in lysimeter Y 101d and surrounding water shed, Coshocton,

Ohio

Kelly et a., (1975) described the Dekalb silt loam soil as follows:

Depth

Rock

m 9% >2mm Description
Very dark, grayish-brown, dark brown crushed silt [oam; wesk,
0.076 10 fine, subangular, blocky structure; parting to weak, fine, granular
structure; friable; many roots; 10% sandstone fragments
Dark, yellowish-brown, crushed silt loam (other properties similar
0.178 10
to 0-.076 m layer)
0.406 10 Silt loam; weak, medium, subangular, blocky, structure; friable;
' common roots; 10% sandstone fragments.
Channery loam (note: contains flat pieces of sandstone) weak,
0.635 40 medium, subangular, blocky structure; friable; common roots; clay
films; 40% sandstone fragments.
0.711 n/a Soft sandstone with dark brown clay films

Harrold and Dreibelbis (1958) described the soil at Y 101d as follows:

Depth
m

Description

0.203

Dark brown silt loam with texture approaching aloam

0.406

Brown to yellowish-brown silt loam to loam with some sandstone fragments

0.838

Brown to yellowish-brown loam with sandstone fragments

1.295

Decomposed sandstone with sandstone fragments

2.438

Slightly decomposed sandstone rock with few sandstone fragments
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Table H-2. Model testing data— Coshocton, Ohio

Parameter M eadow
Years 1970 - 79 and 1987 - 93
Elevation, m (feet) 361 (1184)
L atitude (deg.) 40.4° N
lysimeter type Weighing and Recording

soil Undisturbed soil monolith

dimensions| x w x d (m) 4.267 x 1.896 x 2.438

surface area nt (ha) 8.09 (.00081)

surface slope (%) 23.2

bottom suction No suction - natura gravity flow through

1.1 m parent rock.

precision 0.25 mm (weight calibration)
Soil type Dekab silt loam
Wet soil albedo 0.15 (estimated)
Field capacity', mm 540mm
Wilting point*, mm 198 mm
Available water capacity™? (mm) 342 mm
Initial soil-water content (mm) Jan. 1 70, lys. measurement = 482.5 mm,

[EPIC use 482.5/540 = 0.89]
Soil hydrologic group Soil surveyor classification B --
Use A - the site soil is "highly permeable’

Crop Meadow
1970 - 1979 Alfadfa Orchardgrass
Plant type Perennial legume Perennial grass
Plant population (plants/nt) 50 in mix 150 in mix
Estimated actual surviva in mixture
Max |eaf-area-index (other source) 5 5
Max crop height (m) (other source) 1.25 1.2
Max root depth (m) [limited by 13 1.3
rock]
irrigated No
Sail pH control Agricultural lime applied to create neutral pH

" Field capacity & wilting point, from Tech. Bul. 1367
2 Available water content = field capacity — wilting point




Table H-3. Average monthly climate data — Coshocton, Ohio

The long-term averages in this table were calculated from the 37- year record of measured data at NAEW headquarters, Coshocton, Ohio except
for radiation, humidity, and wind. Appendix G contains a description of the derivation of numbersin this table and explains the reason and method
for estimating solar radiation.

Parameter JAN | FEB | MAR | APR | MAY | JUN | JUL | AUG | SEP | OCT | NOV | DEC YR
Maximum Temperature, C 043 | 200 | 8.02| 1492 20.79| 25.35| 27.53 | 26.82 | 23.29 | 16.85 | 9.87 | 2.87 | 14.90
Minimum Temperature, C -8.31 | -7.14 | -2.02 425 | 10.08 | 14.63| 17.09( 16.32 | 12.71| 6.08 0.16 | -5.24 | 4.88
St. Dev. Max. Temperature 6.84| 686 | 740| 686 545| 4.02| 3.24| 329 471| 570 | 6.43| 6.67
St. Dev. Min. Temperature 6.80 653 | 589 | 542 | 478 371 293 | 3.07| 448 484 | 696 | 6.33
Precipitation, mm 55.9 516 | 76.7| 847 | 926 | 1009 122 | 81.0 | 743 | 574 | 755 | 64.0 | 826.8
St. Dev. Precipitation 6.77 | 735| 830| 9.01| 9.46| 13.95( 13.92| 11.62 | 12.03| 8.03 | 851 | 6.84
Skew Factor, Precipitation 229 | 291 | 359 | 237 237| 312 260| 198 | 346 | 252 | 246 214
Probability wet day after dry 0.29 029 | 034| 032| 0.29| 026 0.28]| 0.23| 022 023 | 0.29| 0.29
Probability wet day after wet 041| 040 044 | 048 048| 044 | 036 036 | 038 037 | 043| 048
Days Precipitation 10.24 | 9.16 | 11.65| 11.27 | 11.03| 9.46 | 9.35| 8.19 | 7.97| 8.16 | 10.19 | 11.00
Solar Radiation, MJ/m*2 6.72 | 9.29 | 12.67 | 14.65| 20.26 | 23.53 | 22.87 | 20.49 | 1459 | 11.43 | 7.61 | 6.38 | 14.21
Relative humidity 090 | 081| 057 | 061| 062| 062| 066| 068 0.66| 0.68 | 0.64| 0.73| 0.68
Wwind, m/s 521 | 511 529| 507 | 429| 385| 342 322 | 353 394 | 497| 502 | 4.41




Table H-4. Daily Climate Data, formatted for EPIC — Coshocton, Ohio, 197079, lysimeter Y 101d,
precipitation measured by lysimeter

10m
Year Mon Day Rad Tmax Tmin Prcp Rhum Wind

MJ/m? C C mm frac m/s
1970 1 1 0. -1.7 -3.9 3.48 0 0
1970 1 2 0. -2.2 -5.0 3.43 0 0
1970 1 3 0. -2.2 -12.2 0.89 0 0
1970 1 4 0. -7.2 -10.6 3.81 0 0
1970 1 5 0. 0.0 -9.4 0.61 0 0
1970 1 6 0. -2.8 -10.0 1.07 0 0
1970 1 7 0. -10.0 -20.0 2.64 0 0
1970 1 8 0. -19.4 -22.2 9.02 0 0
1970 1 9 0. -16.1 -21.7 3.66 0 0
1970 1 10 0. -10.6 -16.7 0.97 0 0
1970 1 11 0. -6.7 -16.7 3.25 0 0
1970 1 12 0. -3.9 -8.3 1.35 0 0
1970 1 13 0. -4.4 -13.9 1.57 0 0
1970 1 14 0. -5.0-11.1 1.52 0 0
1970 1 15 0. -1.1 -12.2 2.13 0 0
1970 1 16 0. 6.1 -4.4 0.05 0 0
1970 1 17 0. 3.9 1.7 1.80 0 0
1970 1 18 0. 1.7 -12.2 4.83 0 0
1970 1 19 0. -6.7 -12.8 3.20 0 0
1970 1 20 0. -10.6 -13.9 4.70 0 0
1970 1 21 0. -13.3 -20.0 3.10 0 0
1970 1 22 0. -11.7 -21.1 4.04 0 0
1970 1 23 0. -6.7 -12.2 2.95 0 0
1970 1 24 0. -3.9 -17.2 3.33 0 0
1970 1 25 0. 5.0 -4.4 1.80 0 0
1970 1 26 0. 0.0 -2.8 1.70 0 0
1970 1 27 0. 0.0 -1.7 2.92 0 0
1970 1 28 0. 13.3 -3.3 0.00 0 0
1970 1 29 0. 13.3 -1.1 26.19 0 0
1970 1 30 0. -1.1 -7.2 0.00 0 0
1970 1 31 0. 4.4 -6.1 0.00 0 0
1970 2 1 0. 7.8 2.2 0.00 0 0
1970 2 2 0. 7.8 -4.4 22.02 0 0
1970 2 3 0. -4.4 -17.8 4.06 0 0
1970 2 4 0. -6.1-21.1 0.00 0 0
1970 2 5 0. 0.6 -6.1 0.00 0 0
1970 2 6 0. 0.6 -3.9 0.00 0 0
1970 2 7 0. 4.4 -6.7 4.24 0 0
1970 2 8 0. 4.4 0.6 4.47 0 0
1970 2 9 0. 4.4 0.6 6.73 0 0
1970 2 10 0. 0.6 -3.3 0.00 0 0
1970 2 11 0. -0.6 -3.9 0.00 0 0
1970 2 12 0. -3.3 -9.4 1.35 0 0
1970 2 13 0. -6.7 -10.6 0.30 0 0
1970 2 14 0. -5.6 -12.2 0.00 0 0

Electronic database continues....



Table H-5. Daily Climate Data, formatted for EPIC — Coshocton, Ohio, 1987-93, lysimeter Y 101d,
precipitation measured by lysimeter

10m

Year Mon Day Rad Tmax Tmin Prcp Rhum Wind
MJ/m? C C mm frac m/s

1987 1 1 1.8 2.8 -2.2 8.18 0.99 2.52
87 1 2 0.4 0.0 -1.7 5.94 0.84 9.19
87 1 3 0.9 1.2 -2.2 0.00 0.88 7.44
87 1 4 4.7 0.6 -5.6 0.00 0.93 7.29
87 1 5 12.4 1.7 -8.9 0.00 0.87 5.89
87 1 6 6.9 7.8 -6.1 0.00 0.93 6.98
87 1 7 1.4 7.2 0.0 0.00 0.90 8.90
87 1 8 1.5 0.0 -1.7 0.00 0.92 4.86
87 1 9 2.1 -0.6 -3.3 2.01 0.99 9.42
87 1 10 1.6 2.8 -2.2 3.15 0.91 7.87
87 1 11 2.3 -1.1 -2.2 1.19 0.99 1.62
87 1 12 2.9 -0.6 -3.3 0.00 0.91 4.24
87 1 13 9.8 6.1 -4.4 0.00 0.97 2.36
87 1 14 3.7 8.9 1.7 0.61 0.84 6.13
87 1 15 0.6 8.3 -0.6 0.86 0.99 5.96
87 1 16 6.3 0.0 -5.0 0.00 0.71 4.10
87 1 17 8.5 2.2 -7.2 0.00 0.99 8.46
87 1 18 0.9 3.9 -1.7 2.67 0.99 4.84
87 1 19 1.2 3.9 -3.916.87 0.99 5.40
87 1 20 4.8 -1.1 -4.4 0.00 0.79 0.92
87 1 21 12.0 0.0 -10.0 0.00 0.78 10.17
87 1 22 2.6 -0.6 -5.0 0.66 0.87 9.29
87 1 23 7.1 -3.3-17.9 2.54 0.99 8.42
87 1 24 12.1 -11.1 -20.0 0.00 0.88 3.81
87 1 25 12.2 -8.3 -16.1 0.00 0.59 4.84
87 1 26 9.3 -5.0-13.3 0.00 0.66 2.60
87 1 27 8.8 -3.9-14.4 0.00 0.96 4.94
87 1 28 3.2 -3.3 -8.3 0.28 0.99 3.18
87 1 29 4.7 0.0 -5.6 11.58 0.99 5.10
87 1 30 0.8 2.8 -2.2 5.38 0.93 2.88
87 1 31 5.9 0.6 -3.3 0.00 0.95 6.85
87 2 1 4.0 5.0 -3.9 0.28 0.85 3.76
87 2 2 9.0 8.3 2.2 0.00 0.64 5.39
87 2 3 2.1 5.0 0.6 0.00 0.65 5.52
87 2 4 8.9 3.3 -2.2 0.00 0.90 10.96
87 2 5 18.3 6.1 -6.1 0.00 0.73 4.32
87 2 6 12.2 9.4 -2.2 0.00 0.85 4.44
87 2 7 11.8 8.3 -2.2 0.00 0.64 6.97
87 2 8 2.5 5,0 -9.4 1.14 0.95 2.34
87 2 9 12.9 -1.7 -9.4 0.28 0.79 10.48
87 2 10 12.4 5.0 -7.2 0.00 0.78 3.08
87 2 11 12.0 9.4 -3.9 0.00 0.70 0.53
87 2 12 4.3 5.0 0.6 4.88 0.99 5.55
87 2 13 13.0 2.8 -6.1 0.00 0.82 8.23
87 2 14 2.7 1.7 -6.1 0.00 0.79 7.14

Electronic database continues....



Table H-6a. Coshocton, Ohio, Operations Summary: 1970 through 1979, lysimeter Y 101d

Y ear Operation and/or description
1970 alfalfalorchardgrass "improved practice”, 8 Ib/acre tordon, 330 |b/acre
KCL
1971 afalfa/orchardgrass 1 t/alime (Apr 16); 1000 |b/acre 16-16-16 (Apr 21)
1972 alfalfa/orchardgrass 1000 Ib/acre 16-16-16 (June 2)
1973 afafalorchardgrass 1000 Ib/acre 16-16-16
afalfa/orchardgrass 1000 Ib/acre 16-16-16 (May 1); 1.5 t/a manure (July

1974 17

1975 orchardgrass "Improved practice"

1976 orchardgrasg/alfalfa 150 Ib/acre NHANO3 (March 24)

1977 orchardgrass 150 Ib/acre NHANOS (Apr 4)

1978 orchardgrass 50 1b N/A asNHANO3 (Apr 17)

1979 orchardgrass 50 Ib N/A as methylene urea (Mar 22, June 13, Augl6)

For model evaluation use:
Fertilizer: 15-15-15 at 1070 Ib/acre
1970-74, cover is 50% afalfa, 50% orchardgrass
1975-79, cover is 10% alfalfa, 90% orchardgrass

Harvest dates varied dightly according to season from year-to-year, for model evaluation
use: May 25, July 7, and Aug. 23

Table H-6b. Coshocton, Ohio, Operations Summary: 1987 through 1993, lysimeter Y 101d

Y ear Operation and/or description
1987-93 | 50 percent Orchardgrass and 50 percent Bromegrass, “improved pasture’
1987 50 Ib/acre N on Apr. 3, June 5, and Aug. 5
1988 50 Ib/acre N on Apr. 13, June 22, and Aug. 2
1989 50 Ib/acre N on Apr. 28, June 5, and Aug. 1, 69 |b/acre P on Sept. 1
1990 120 Ib/acreK on Aug. 22
1991 120 Ib/acre K on Aug. 13, 58 Ib/acre P on Aug. 21
1992 Record not available
1993 Record not available

For model evaluation use:
Fertilizer: 56 Kg/haN on Apr. 16, June 26, and July 7
50 Kg/ha P one-time/ year
77 Kg/haK one-time/ year

Harvest dates varied dightly according to season from year-to-year, for model evaluation
use: May 25, July 7, and Aug. 23
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Appendix |

Climate Data and Statisticsfor Lysimeter Y 101d, Coshocton, Ohio
North Appalachian Experimental Water shed (NAEW)

Model evaluation requires use of the best available climate input datain order to assess the
accuracy of estimated water balance parameters that are important to evapotranspiration (ET)
landfill cover design. Mitretek collected climate data for lysimeter Y101d at the North Appalachian
Experimental Watershed (NAEW), Coshocton, Ohio and estimated statistics required by the models
from the best available sources. Two sets of lysimeter and climate data were available, 1970-79 and
1987-93. Thisreport describes the daily data available, estimates of statistics required by models,
problems encountered and how the climate data were used in model evaluation

Daily climate generation models

WXgen (WXgen, 1999) and WX parm (WX parm, 1999) are daily climate generating and
climate parameter estimating models respectively. Each of them runs independently, but will read
files generated by the other. In addition, the EPIC model (Sharpley and Williams, 1990a) uses these
programs internally and produces climate data identical to that generated by WXgen. The climate
generators WXgen, and WXparm aong with those in the EPIC model were previously shown to
provide accurate and reliable estimates of daily climate parameters (Sharpley and Williams, 1990a
& 1990b and Williams et a., 1990). WXgen and WX parm are useful tools with whichto estimate
climate parameters or to replace missing data in weather files.

Because WX gen and WX parm are available as stand-alone models, generated data are available
to the user of any model. Monthly input statistics are required by models that generate daily
weather data.

Model generated climate data is not equivalent to good measurements for the site. Therefore,
measured, daily data of adequate quality were used in preference to generated data in al instances
where it was available.

Description of data

Daily climate records were included in the data sets obtained from the NAEW, Coshocton,
Ohio, for lysmeter Y 101D, for the 1970-79 and 1987-93 time periods, except as noted below. The
data were recorded in English units and converted to metric units by Mitretek. The climate data
used in model evaluation are described below:

Precipitation

Because precipitation measurements were available from two differing methods of
measurement, it was necessary to evaluate the data to select whichto use for model evaluation.
NAEW recorded precipitation measurements in two data sets for the period 1970-79,

(climatic.y70 — Y79 and lysm101.Y70 —Y79). The*“climatic” data set contains precipitation
measurements derived from a standard, class-A rain gauge at station headquarters. The “Lysim101”
data set contained daily precipitation measured by a class-A rain gauge located near the lysimeter in
addition to estimates of daily precipitation from the weighing and recording lysimeter records.

Standard rainfall measurement: The following “standard” is generally accepted for hydrologic
estimates and research. A standard rain gauge includes a collection tube with a sharp-edged,
circular orifice at the top to catch precipitation. The U.S. Weather Bureau standardized the size of
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the orifice at eight inches (203 mm) (Chow, 1964; Brakensiek et al., 1979; and Schwab et al., 1966).
The height of measurement is not as closely defined; however, it is normally taken to be either 30 or
40 inches (762-1,016 mm) above ground surface. Measurements for hydrologic research are
normally standardized at 30 inches (762 mm) above ground surface (Brakensiek et d., 1979) and
utilize an eight-inch orifice; that gauge is described herein as a “class-A” or “standard” gauge.

Factors affecting accuracy: Wind is the greatest single cause of error in precipitation
measurements for standard gauges. Schwab et al., (1966) report that winds of 10 mph caused a
rainfall catch deficit of 17 percent, but awind of 30 mph caused a deficit of 60 percent. Brakensiek
et d., (1979) state, “An ideal [gauge] exposure would eliminate all turbulence and eddy currents
near the gauge.” They state that wind may cause a—5 to —80 percent error in precipitation
measurement and that errors resulting from other causes were between +1.0 and —1.5 percent.

Gauge height above the ground surface is important because wind movement strongly affects
the gauge catch, and wind velocity is alogarithmic function of height above ground surface.
Although the true measurement of rainfall has not been defined, rainfall measurements at ground
level are commonly accepted as most accurate. For example, “pit gauges’ are placed in ahole so
that their top is a ground level; they may catch up to 15 percent more rainfall than gauges with their
tops mounted at standard height (Neff, 1977).

The results of research on the effect of gauge height are variable. Allis et al., (1963) reported
that a gauge mounted six feet above ground surface captured the same amount of rainfall as a
standard gauge at 30 inches; however, the gauge at standard height captured 30 percent more snow.

Snow is difficult to measure accurately because it is so easily moved by wind and the resulting
eddy currents around a standard gauge. Lysimeters catch precipitation at ground level; therefore
they minimize the effect of wind. In addition they measure precipitation for alarge surface area.
McGuinness (1966) found that lysimeters measured six percent more rainfall than a standard gauge,
but 27 percent more snowfall.

There are substantial differences between the r | |

precipitation amount measured by the standard 125 ——+—— R

rain gauge located near lysimeter Y 101d and that 1o | LImeer -5 1\

derived from the lysimeter measurements. [ |- /‘ \ -]
Figure 1-1 shows the average monthly ¢ 75 -1 R
precipitation measure by the standard gaugeand = F ¥ ) NY,

that measured by lysimeter Y101d at Coshocton 0T
Ohio. Lysimeter Y 101d measured 10.5 percent o5 |
more total precipitation than the nearby standard
gauge during 1987 - 93. The difference was 0

grester during cold months when most O

precipitation fell as snow than during warm  Figure -1 Average monthly precipitation for 1987-93
months when precipitation was predominantly  at lysimeter Y 101d.
rain.

Model estimates are usually based onrain gauge data, because lysimeter measurements are
almost never available. Even though they are assumed to be accurate, the error of rain gauge catch
is unknown for most sites. The purpose of thiswork is to evaluate models. Therefore, Mitretek
used lysimeter measured precipitation because it appeared to be the best available measurement.




Air temperature

The models required either average daily or daily maximum and minimum air temperatures.
Model developers defined the “average” daily temperature as the mean of the maximum and
minimum value for the day.

The climatic data sets described above for 1970-79 and for 1987-93, contained daily maximum
and minimum temperatures. Mitretek estimated missing temperature measurements for four daysin
the 1987-93 temperature records with the model WXgen (WXgen, 1999).

Solar radiation

Solar radiation was measured at the 350
NAEW headquarters at a distance less than

Y4 mile from lysimeter Y101d. It was o
recorded as total daly summation of  *°F ﬁmﬁ N

radiation for 1970-79 and for 1987-93 as g 200 S nIPATIAYA|
s * % 1

C T T T T ‘ | \
FMeasured Solar Radiation f Daily Mean = 15.22

b
TR
f‘

daily summation until November 1989 and 150 E J 3 =
as hourly summations thereafter. 100 [ ﬁ J ” f W 1 f H 1 k Tg‘%
Measurement of solar radiation at hydrologic 6o F l?’ {{ 2 f ¥ ¥ U Y {
experimental stations was a relatively new Tk | Monthly averages  Annual aYeragef, b
. : oo Bt P .

praCthe durlng 1970-79 0 12 24 36 48 60 72 84 96 108 120

Whereas we found no problems with the 1970 Months 1979
precipitation or temperature data, there is a Figurel-2. Monthly and annual average solar
downward trend in the annua total solar radiation during 1970 through 1979

radiation measured for Ilysimeter Y101d
during the 10-year period from 1970 to 1979,

Figure [-2. Annual, average solar radiation 22 Measured Air Temperature Dlaily Mean =|9.99
should be relatively constant from year-to- ﬁ 7&( TAT

year. Reduced solar radiation should result in iz ‘Y}Yﬁﬁ ﬁ ﬁﬁ
reduced monthly and annual air temperature; o RIBANA T“ Al !,\ j_\ fdl ] ]_L
however, air temperature measurements at g | 19 1] U AR !
lysimeter Y101d demonstrate that air R J 1 J IR R TIR
temperature remained constant during the 10- 5 i i | J

year period, Figure 1-3. Estimates of ET by 10 Annual Average! !

methods that used the measured daily solar Y- AU SR SN ST R B B

radiation values differed from the lysimeter 0 12 24 3 48 60 72 8 96 108 120
measured values, but temperature based Months

eStimate_S of ET were similar. In addition, Figurel-3. Monthly and annual average air

when Mitretek entered average, monthly solar temper ature during 1970 to 1979.

radiation measurements for the station at New
Philadel phia, Ohio into the EPIC model and allowed EPIC to estimate daily, solar radiation values,
the resulting estimates of ET corresponded well with the measured values.

Because the measured solar radiation data appear to be in error during 1970-79, Mitretek
developed an aternate way to obtain these important daily values for model input. The EPIC model
and WXgen and WXparm were previously shown to provide accurate and reliable estimates of daily
solar radiation from known values of monthly radiation (Sharpley and Williams, 1990a & 1990b
and Williams et al., 1990). Therefore, Mitretek used the mean monthly values of solar radiation
from the nearest available records at New Philadel phia, Ohio, located about 42 km (26 miles) from
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the site as input to the WX parm model. The estimates by WXparm of daily vaues for the years
1970 through 1979 were used for model evauation.

The measured values of solar radiation 35 T ‘ ‘ ‘ ‘ ‘

show no evidence of a trend for the period g [ easurpd Solar fradiarion A 1
1987-93, Figure I-4. In addition, the daily g ' Py AYereges
mean value is near that for nearby climate ol A {\ {\ A
stations.  Therefore, Mitretek used the a2 A hal -Ay*
measured daily values of solar radiation for 2 5 {‘\ J,x yj\ IJ\ j_\ j \ j‘\
model estimates of ET during the period /'\] \ /'\ 7'\ f \ /'\J'\
1987-93. There were 48 missing values 0 ¢ W \’ j \ ] \
among the 2,557 daily measurements; they 5 f L
were eﬁl mated. . :Anniual e}vereilgesl . Dlaily [\Aearj = 1*4.0 .
The radiation measurements from 0 12 24 36 48 60 72 84
January 1, 1987 through November 8, 1989 1987 Months 1993
are daily measurements, but those from Figure I-4. Monthly and annual average solar

November 9, 1989 through December 31, radiation during 1987 to 1993.

1993 are hourly values. The hourly data

contained radiation measurements during nighttime hours when there should be no measurable
radiation. Most hourly nighttime measurements were one langley. Dr. Robert Malone of NAEW
(personal communication) stated that night lighting for the station headquarters was located near the
sensor, and was the probable cause of the anomalous readings. The nighttime values increased each
days total so Mitretek changed the radiation for nighttime hours to zero. Mitretek estimated
nighttime hours from a table of Civil Twilight published on the U.S. Naval Observatory website.

Relative humidity

Daily humidity measurements were missing fromthe NAEW data sets during 1970 — 1979.
Therefore, daily relative humidity was estimated for 1970-79 by WXgen from mean values derived
from the 37-year record for the NAEW contained in the National Climatic Data Center files
(NCDC, 2001). The relative humidity measurements provided in the 1987-93 files are incompl ete,
S0 Mitretek used the WX gen model to estimate missing daily values.

Wind

Daily measured wind speed was available in both the 1970-79 and 1987-93 NAEW data sets.
For model evaluations, wind should be measured at a height of 10 m. Wind speeds recorded in the
NAEW data are less than half those recorded at two nearby climate stations. The height of
measurement for the NAEW wind data was stated to be 10 m; however, later correspondence
indicated that the height may have been near 2 feet. The correct height at which the wind speed was
measured is therefore, in doubt. Wind speed may be substantially reduced by obstacles (trees or
buildings) near the wind gauge and is substantially affected by height of measurement. Mitretek
used average, monthly wind speed from New Philadel phia, Ohio, 42 km (26 miles) from the site, as
input and allowed WX gento estimate daily wind speeds for model testing.



Monthly statistics developed for model evaluation

In addition to daily climate data, some models require monthly estimates of means and other
statistics for climate parameters as input. This section describes the monthly data developed for
model evaluation using measurements from lysimeter Y 101d at Coshocton, Ohio as reference.

Monthly precipitation and temper atur e statistics required include:
Monthly average, maximum daily temperature
Monthly average, minimum daily temperature
Monthly average, mean daily temperature (for HELP)
Monthly standard deviation of daily maximum temperature
Monthly standard deviation of daily minimum temperature
Average total monthly precipitation
Monthly standard deviation of daily precipitation
Monthly skew coefficient for daily precipitation
Monthly probability of wet day after dry day
Monthly probability of wet day after wet day
Monthly average, number of days of precipitation

The monthly statistics were calculated from the 37-year (1957 — 1993) record of precipitation
and maximum and minimum temperature measurements for the NAEW, Coshocton, Ohio as
reported in the National Climatic Data Center records (NCDC, 2001). The statistics were derived
by the computer program WXParm (WX parm, 1999) and missing daily data were thenestimated by
Wxgen (WXgen, 1999). Finaly, the revised and complete file was again evaluated with Wxparm to
produce afinal set of statistics. The results of these calculations are contained in Table 1-1.



Tablel-1. Monthly data for model estimates at Coshocton, Ohio

Monthly data and statistics assembled for use in all model evaluations using the measurements from lysimeter Y 101d.

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Ann
0.43 2 8.02 14.92 20.79 25.35 2753 | 26.82 23.29 16.85 9.87 2.87 14.90 TMX
-8.31 -7.14 -2.02 4.25 10.08 14.63 17.09 16.32 12.71 6.08 0.16 -5.24 4.88 TMN
6.84 6.86 7.4 6.86 5.45 4.02 3.24 3.29 4.71 5.7 6.43 6.67 SDMX
6.8 6.53 5.89 5.42 4,78 3.71 2.93 3.07 4.48 4.84 6.96 6.33 SDMN
55.92 51.6 76.7 84.67 92,59 [ 100.86 | 112.24 80.96 74.3 57.43 75.54 63.99 926.8 PRCP
6.77 7.35 8.3 9.01 9.46 13.95 13.92 11.62 12.03 8.03 8.51 6.84 SDRF
2.288 2911 | 3.593 2.368 2.37 3.122 2.596 1.98 3.456 2.522 2.455 2.143 SKRF
0.289 0.288 | 0.338 0.316 | 0.286 0.258 0.277 0.23 0.223 | 0.226 0.293 0.286 PW|D
0.414 0.401| 0.439 0.475| 0.483 0.44 0.358 0.36 0.383 | 0.368 0.43 0.479 PW|W
10.24 9.16 11.65 11.27 11.03 9.46 9.35 8.19 7.97 8.16 10.19 11 DAYP
6.72 9.29 12.67 14.65 20.26 23.53 22.87 20.49 14.59 11.43 7.61 6.38 14.21 RAD
0.9 0.81 0.57 0.61 0.62 0.62 0.66 0.68 0.66 0.68 0.64 0.73 0.68 | RHUM
5.21 511 5.29 5.07 4.29 3.85 3.42 3.22 3.53 3.94 4.97 5.02 4.41 | WIND'

1. New Philadelphia, Ohio wind data

TMX =

TMN =

SDMX =
SDMN =
PRCP =
SDRF =
SKRF =
PW|D =
PW|W =
DAYP =
RAD =

RHUM =
Wind =

Monthly average, maximum daily temperature, deg. C
Monthly average, daily temperature, deg. C

Monthly standard deviation of daily maximum temperature
Monthly standard deviation of daily minimum temperature
Average, total monthly precipitation, mm

Monthly standard deviation of daily precipitation

Monthly skew factor for daily rainfall

Monthly probability that a wet day will follow a dry day
Monthly probability that a wet day will follow a wet day
Monthly average number of days with precipitation
Monthly average, total solar radiation, Mj/m2

Monthly average, relative humidity, fraction

Monthly average, daily wind speed, M/s




